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FOREWORD 

T h i s  is Volume I11 - Experimentation/Verification  Element 
Definition, of   the  SPS C o n c e p t   D e f i n i t i o n   S t u d y   f i n a l   r e p o r t  as 
submi t t ed   by   Rockwel l   In t e rna t iona l   t h rough   t he   Sa te l l i t e   Sys t ems  
D i v i s i o n .  All work  was  completed i n   r e s p o n s e   t o   t h e  NASA/MSFC 
C o n t r a c t  NAS8-32475 ,  E x h i b i t  C ,  dated  March 28,  1978. 

The SPS f i n a l   r e p o r t  w i l l  p r o v i d e   t h e  NASA w i t h   a d d i t i o n a l  
i n f o r m a t i o n  on t h e   s e l e c t i o n  of a v i a b l e  SPS concept  and w i l l  
f u r n i s h  a bas is   for   subsequent   t echnology  advancement   and  
v e r i f i c a t i o n   a c t i v i t i e s .   O t h e r  v o l u m e s   o f   t h e   f i n a l   r e p o r t  
are l i s t e d   a s   f o l l o w s :  

Volume T i t l e  

I Execu t ive  Summary 

I1 Systems  Engineer ing 

I V  T r a n s p o r t a t i o n   A n a l y s e s  

V Spec ia l   Emphas is   S tudies  

V I  In-Depth   E lement   Inves t iga t ions  

V I  I Systems/Subsystems  Requirm.ents Data Book 

The SPS Program  Manager, G. M. Hanley, may be   contac ted   on   any  
o f   t h e   t e c h n i c a l   o r  management a s p e c t s   o f   t h i s   r e p o r t .  He may b e  
reached a t  213/594-3911, Seal Beach ,   Ca l i fo rn ia .  
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3 
1.0 SPS DEVELOPMENT PLANNING OVERVIEW 

1.1 DEVELOPMENT  PLANNING  OBJECTIVES AND CONSIDERATIONS 

A DOE t a s k   g r o u p  was e s t a b l i s h e d   i n  1976 t o   e v a l u a t e   t h e   p o t e n t i a l   f o r  
t h e   S o l a r  Power S a t e l l i t e  System,  including  programmatic   evaluat ion  of   program 
p l a n n i n g   o p t i o n s .  A g u i d e l i n e  w a s  e s t a b l i s h e d   t h a t   p r o g r a m m a t i c   d e c i s i o n s   a n d  
deve lopmen t   p l ann ing   a l t e rna t ives   shou ld   be   based   upon  a h igh- r i sk   approach  
s i n c e   l a u n c h   v e h i c l e   a n d   o r b i t a l   o p e r a t i o n a l   q u e s t i o n s  would n o t   b e   r e s o l v e d .  

More r e c e n t l y ,  DOE h a s   p r o p o s e d ,   f o r  FY 1980 implementat ion,  a modest 
env i ronmen ta l ly   o r i en ted   mic rowave   t echno logy   exp lo ra to ry   r e sea rch   p rog ram 
aimed a t  r e d u c i n g   t h e   u n c e r t a i n t y   a s s o c i a t e d   w i t h   m i c r o w a v e  power  system 
c r i t i ca l  t e c h n i c a l   i s s u e s .   T h e s e   f a c t o r s   l e a d   t o   t h e   u n d e r l y i n g   p r e m i s e   t h a t  
heav i ly   funded ,   ded ica t ed  SPS d e v e l o p m e n t   e f f o r t   d u r i n g   t h e   n e x t   f i v e   y e a r s  
o r  so i s  i n c r e a s i n g l y   u n l i k e l y ,  and t h a t  a low- leve l   s tep-by-s tep   evolu t ionary  
approach   to  SPS development   planning i s  real is t ic .  T h i s   p r e m i s e   t h e n   d i c t a t e s  
a p l a n n i n g   l o g i c   t h a t   b u i l d s  upon  on-going  and  planned  ground  and  space t es t  
a c t i v i t i e s - - a c t i v i t i e s   t h a t   c a n   r e s u l t   i n   c o s t - e f f e c t i v e  SPS developmental  
p rog r , e s s   i f   t hey   can   be   focused   t o   ach ieve   s ign i f i can t   advancemen t   o f  SPS 
t e c h n o l o g y   w h i l e   a l s o   p r o v i d i n g   o t h e r   p l a n n e d   b e n e f i t s ,  

Based  upon th i s   background ,   an   evo lu t iona ry  SPS development   plan w a s  
p r e p a r e d   t o   s a t i s f y   t h e   o b j e c t i v e s  shown i n   T a b l e  1.1-1. P l a n n i n g   a n a l y s i s  
was d i r e c t e d   t o w a r d   t h e   e v o l u t i o n   o f  a s c e n a r i o   t h a t  met t h e   s t a t e d   o b j e c t i v e s ,  
was t e c h n i c a l l y   p o s s i b l e   a n d   e c o n o m i c a l l y   a t t r a c t i v e ,   a n d   t o o k   i n t o   a c c o u n t  
c o n s t r a i n i n g   c o n s i d e r a t i o n s ,   s u c h  as (1) r e q u i r e m e n t s   f o r   v e r y   l a r g e - s c a l e  
end-to-end  demonstrat ion  in  a compressed time frame, ( 2 )  t h e   r e l a t i v e   c o s t /  
t e c h n i c a l  merits o f  g round   t e s t ing   ve r sus   space   t e s t ing ,   and  ( 3 )  t h e   n e e d   f o r  
l a r g e  mass f l o w   c a p a b i l i t y   t o  LEO and GEO a t  r easonab le   cos t   pe r   pound .  

1 .2  SPS DEVELOPMENT  PLAN  ELEMENTS 

The p r i n c i p a l   e l e m e n t s   o f   t h e  SPS development  plan are summarized i n  
F igu re  1.2-1. The  Technology  Advancement   Phase  consis ts   of   three  major  test 
elements  . 

Microwave  Ground  Exploratory  Research  Program 

Key Technology  Program  (other  than  microwave) 

SPS O r b i t a l  T e s t  P la t form  Demonst ra t ion   P lan  

Each  of   these test  phases  i s  d i s c u s s e d   i n   d e t a i l   i n   S e c t i o n  2 - Technology 
Advancement P lan .  

1-1 



Table 1.1-1. SPS Development  Planning Objectives 
" 

STRUCTURE A SYNTHESIZED SPS DEVELOPHENT PLAN THAT REFLECTS THESE 
C D M I D E R A T I O N S  

/ E S T A B L I S H   T H E   R E L A T l   O N S H l P  OF AN  EXPLORATORY  RESEARCH  PLAN 
TO  THE  OVERALL  TECHNOLOGY  ADVANCEflENT  PLAN 

i INTEGRATE DOE ENVIRONAEhTAL  STUDIES.  HASA  5-YEAR  PLAMNING. 
AND  SPS  DEVELOPflENT  PLANNING 

EVALUATE  AND  STRUCTURE AN SPS  TECHNOLOGY  DEVELOPHENT  PROGRAH  BASE1 
ON THESE  REQUIREMENTS 

r' M I N I M I Z E  FRONT-END  COSTS 

d U T  IL  IZE  SHUTTLE  CAPAB I L I TY TO HAX I f lU f l  

r' k4XlfllZE GROUND TESTING 

f REFLECT  REASONABLE  LEAD T I N S  

EVOLVE  DEVELOPflENT  PLANNING  REQUIREMENTS FOR THESE  KEY I N I T I A L  
DEVELOPflENT  PLAN  ELEHENTS 

r' GROUND  DEVELOPHENT/ANALYS IS 

d O R B I T A L  DEVELOPflENT/DEMOf4STRATION 

/ MASS-TRANSFER  CAPAB I L I T Y  

1980 
T 

1985 
T E C H N O L O G Y  

VANCEMENT PHASE 

MWTECHYGROUNO 
EXPLORATORY AESEARCH 

I 

I KEY TECHY PROGRAM 

SPS ORBITAL TEST 
PLATFORM  OEMONSTRATION 

v 
1995 

1 1 
PILOT  PLANT  DEMONSTRATION PHASE 

STS 
S U P P O R T  
S Y S T E M S  

STATION 
I 

SHUTTLE OERIVEO SYSTEMS ,.' / 

EOTV HLLV 

"""/ SPS TRANSPORTATION SYSTEM 

Figure 1.2-1. SPS Evolutionary Development P l a n  Elements 
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1.3 SPS DEVELOPMENT  PLANNING  SCENARIO OVERVIEW - 1978 

The  expanded SPS deve lopmen t   p l ann ing   s cena r io   ove rv iew shown i n  
F i g u r e  1.3-1 w a s  d e v e l o p e d   t o  ref lect  a p e r c e i v e d   c o n s e n s u s   r e l a t i n g   t o  
c u r r e n t   d e v e l o p m e n t   p l a n n i n g   o p t i o n s .   T h e   s c e n a r i o   i l l u s t r a t e s  a s y n t h e s i z e d  
p r o g r a m   r e f l e c t i n g   c u r r e n t   r e c o m m e n d a t i o n s   a n d   p r o j e c t e d   f i v e - y e a r   p l a n s   f o r  
e x p l o r a t o r y   r e s e a r c h ,   t e c h n o l o g y   a d v a n c e m e n t ,   a n d   p i l o t - p l a n t   d e m o n s t r a t i o n .  
A development cycle o f  20 t o  25 y e a r s  i s  p r o j e c t e d ,   l e a d i n g   t o   a n   i n i t i a l  
o p e r a t i n g   c a p a b i l i t y   a b o u t   t h e   y e a r  2003 f o r   t h e   f i r s t   c o m m e r c i a l   s y s t e m .  
T h e   p l a n   c o n s i s t s   o f  two p r i n c i p a l   p h a s e s :  a technology  advancement  phase 
(1980 t o  1990)  and a p i l o t   p l a n t   d e m o n s t r a t i o n   p h a s e  (1990 t o  2000). 

Key e l e m e n t s   w i t h i n   t h e  SPS p l a n n i n g   s c e n a r i o   i n c l u d e   t h e  DOE e x p l o r a t o r y  
research   program,   the   overa l l   key   technology  program  ( suppor ted   by  NASA enabl-  
i n g   t e c h n o l o g y   e f f o r t ) ,   t h e   p i l o t   p l a n t   d e m o n s t r a t i o n   p l a n ,   a n d   t h e   r e q u i r e d  
suppor t   sys t em  deve lopmen t s   i n   t r anspor t a t ion   and   space   cons t ruc t ion .  

The exp lo ra to ry   r e sea rch   p l an   e l emen t   p rov ides   t he   s eed -bed   fo r   p ro to -  
type  development  of  microwave  power  transmission  systems (MPTS), and i s  
rev iewed   i n   Sec t ion  2.3. 

The  key   technology  program  for   power   convers ion   and   d i s t r ibu t ion   and  
development of l a r g e   s p a c e   s t r u c t u r e s  i s  s t r u c t u r e d   t o   p r o v i d e   e v o l u t i o n a r y  
t i m e l i n e s   l e a d i n g   t o   l a r g e  SPS-type  subscale   space test  a r t i c l e s  and i s  
d i s c u s s e d   i n   d e t a i l   i n   S e c t i o n  2.4. The  commitment t o   l a r g e - s c a l e  SPS 
development  ground  and  space t es t  a c t i v i t y  w i l l  occu r   abou t  1985 based  upon 
e x p l o r a t o r y   r e s e a r c h   p r o g r a m   r e s u l t s   a n d  w i l l  r e q u i r e   f u n d i n g   l e v e l s   o n   t h e  
o r d e r  of s e v e r a l   b i l l i o n s  of d o l l a r s .  The o r b i t a l  t e s t  program i s  reviewed 
i n   S e c t i o n  2.5.  

The p i l o t - p l a n t   d e m o n s t r a t i o n   p h a s e   r e f l e c t s   i n   g e n e r a l   t h e   " p r e c u r s o r "  
demonstrat ion  concept   proposed as the   mos t   cos t - e f f ec t ive   approach   t o   l a rge -  
scale p i lo t -p lan t   commerc ia l   end- to-end   per formance   demonst ra t ion .   Ut i l iza-  
t i o n   o f   S h u t t l e - d e r i v e d   h e a v y - l i f t   l a u n c h   v e h i c l e s   w i t h   l o w   e a r t h   o r b i t  (LEO) 
assembly   and   dedica ted  e lec t r ic  p r o p u l s i o n   o r b i t a l   t r a n s f e r   t o   g e o s y n c h r o n o u s  
o r b i t  (GEO) is  b a s e l i n e d .  The p i l o t - p l a n t   p h a s e  i s  r e v i e w e d   i n   S e c t i o n  3.0.  
I n   t h i s   r e p o r t   t h e   e m p h a s i s  i s  p r i m a r i l y   d i r e c t e d   t o w a r d   a m p l i f i c a t i o n   o f   t h e  
technology  advancement  phase  of  the SPS d e v e l o p m e n t   p l a n   f o r   t h e   p r o j e c t e d  
time frame  of  1980 t o  1990. 

1.4 SPS DEVELOPMENT  ACHIEVEMENT PROBABILITY 

In   any   evo lu t iona ry   deve lopmen t   p rog ram  p ro jec t ed   subs t an t i a l   comple t ion  
of  major test  phase  e lements  i s  c o n d i t i o n e d   b y   t e c h n i c a l   p r o g r e s s ,   f u n d i n g  
levels a n d   t h e   d e g r e e   o f   i n s t i t u t i o n a l   a n d   p u b l i c   s u p p o r t .  It i s  conven ien t  
u n d e r   t h e s e   c i r c u m s t a n c e s   t o   e x p r e s s   p r o j e c t e d  t e s t  phase  accomplishment as 
a p r o b a b i l i t y - o f - o c c u r r e n c e   d i s t r i b u t i o n  as summarized i n   F i g u r e  1.4-1. 
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2.0 SPS TECHNOLOGY  ADVANCEMENT PHASE 

2.1 CRITICAL TECHNOLOGY ISSUES 

The b a s i c   o b j e c t i v e   o f   t h e  SPS Technology  Advancement  Phase is  t o  
e v a l u a t e   a n d   r e s o l v e   t h e  cr i t ical  t e c h n o l o g y   i s s u e s   r e l a t e d   t o   t h e  SPS 
p r e l i m i n a r y   r e f e r e n c e   c o n f i g u r a t i o n .  

The c r i t i c a l   i s s u e s   t h a t   c o u l d   p r e v e n t   s u c c e s s f u l   d e v e l o p m e n t   o f   t h e  
c u r r e n t l y   p o s t u l a t e d  SPS system  can  be  grouped  in  two m a j o r   c a t e g o r i e s :  

0 

0 

E f f e c t s   o f   t h e  SPS system  on  the  environment  

4 In t e rac t ions   o f   t he   mic rowave  beam wi th   t he   i onosphe re  

/ E f f e c t s  o f   l aunch   veh ic l e   emis s ions  on the  upper   a tmosphere 

4 Microwave   sys tem  rad io   f requency   in te r fe rence   wi th   o ther   sys tems 

4 Microwave r a d i a t i o n   e f f e c t s   o n   p r i m a t e s   a n d   e c o l o g y  

Ef fec t s   o f   t he   na tu ra l   env i ronmen t   on  SPS system  development  and 
o p e r a t i o n  

J R a d i a t i o n   e f f e c t s  on   space   cons t ruc t ion   and   ope ra t ions   pe r sonne l  

/ Space  plasma  effects  on  high-voltage  power  conversion  and  power 
a m p l i f i c a t i o n  

Space   env i ronmen t   e f f ec t s  on m a t e r i a l s   l i f e - t i m e ,   s t r e n g t h   a n d  
e f f i c i e n c y  

Each  of t h e s e   c r i t i c a l   e n v i r o n m e n t a l   i n t e r a c t i o n   i s s u e s   r e q u i r e s   c o n c e n -  
t r a t e d   e x p e r i m e n t a l   r e s e a r c h   t o   q u a n t i f y   t h e   p r o b a b l e   e f f e c t s   a n d   p r o v i d e  a 
p r o g r a m m a t i c   t e c h n i c a l   b a s i s   f o r   d e r i v i n g   m i t i g a t i o n   t e c h n i q u e s .  The  impact 
o f   t h e s e   “ d r i v i n g ”   t e c h n i c a l   i s s u e s  upon SPS system  and  subsystem  concept 
d e f i n i t i o n  and o p e r a t i o n a l   s e q u e n c e s  is m a t r i x e d   i n   T a b l e  2.1-1. 

SPS c r i t i c a l   t e c h n i c a l   i s s u e   e x p e r i m e n t a l   r e s u l t s  w i l l  i m p a c t   i n   v a r y i n g  
d e g r e e s ,  a l i  of   the  subsystems  and  system  support   e iements  shown i n   t h e   t a b l e .  

2 . 1 . 1  MICROWAVE POWER 

The  microwave  power  transmission  system (MPTS) i s  c l e a r l y   t h e   m o s t   c r i t i c a l  
subsys t em  f rom  the   s t andpo in t   o f   env i ronmen ta l   impac t   vu lne rab i l i t y   and   bas i c  
t e c h n i c a l   f e a s i b i l i t y .   S t a t e - o f - t h e - a r t   a d v a n c e s  are requ i r ed   i n   dc /RF   and  
RF/dc   convers ion ,   phase   cont ro l ,  RFI suppres s ion   and   t he rma l   con t ro l .   Undes i r -  
a b l e   e f f e c t s  upon the   envi ronment   and   envi ronmenta l ly   induced   degrada t ion   of  
key  microwave  power  components  and  elements w i l l  r e s u l t   i n   a n  i terat ive sub- 
s y s t e m   d e f i n i t i o n   c y c l e   i n v o l v i n g   s i g n i f i c a n t   t r a d e   s t u d y   o f   p o t e n t i a l   o p t i o n s  
a n d   a l t e r n a t i v e   d e s i g n s .  
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Table 2 .1 -1 .  T e c h n o l o g y   I s s u e   I m p a c t  on K e y   s u b s y s t e m s  

I 
CRIT ICAL  TECHNICAL  ISSUES S Y  

M I  CROWAVE 
O E F F F C T S   O F  S P S  0 N ENVIRONMENT 

/ INTERACTION  OF MICROWAVE B U M  
WITH  IONOSPHERE 

EFFECT  OF LAUNCH VEHICLE  EMISSIONS 

J 

J MICROWAVE  SYSTEM RFI   EFFECTS 

J J MICROWAVE  EFFECTS ON PRlMATES/ECOLOGY 

J 

D EFFECTS  OF  ENVIRONMENT ON SPZ 

r /  SPACE RADIATION  EFFECTS ON PERSONNEL 

v' SPACE  PLASMA EFFECTS 

J SPACE  EHV I RONMENTAL EFFECTS ON 

J 

MATERIALS J 

'EMS DEVELOPMENT/OPERATIONS  IMPA 
POWER CONVERSION 

CONSTRUCTION A N D   D I S T R I B U T I O N  
STRUCTURE  AN0 

J 
J 

J J 

MAS S 
TRANSFER 

J 

J 

Undes i r ab le   e f f ec t s   o f   i nc iden t   ene rgy   and   spu r ious   emis s ions  upon  perform- 
a n c e   o f   c i v i l   a n d   m i l i t a r y   e q u i p m e n t   o p e r a t i n g   i n   a f f e c t e d   m i c r o w a v e   r e g i m e s  as 
w e l l  as p o t e n t i a l   m o d i f i c a t i o n   o f   t h e   i o n o s p h e r e   t h a t   c o u l d   s u b s t a n t i a l l y  a l t e r  
t h e   p r o p a g a t i o n   o f   r a d i o   s i g n a l s   o v e r  a wide   r ange   o f   f r equenc ie s ,  may r e q u i r e  
manda to ry   changes   and   op t ion   t r ades   fo r   t he   fo l lowing   r e fe rence   sys t em  cha rac t e r -  
i s t i c s  and  equipment  elements:  

j /  Transmission  Frequency 

4 Power Beam Maximum Densi ty   and  Taper  

4 Power A m p l i f i e r   S e l e c t i o n   ( K l y s t r o n  vs S o l i d   S t a t e )  

4 P h a s e   F r o n t   C o n t r o l   C i r c u i t r y  

J Rectenna  Size  and RF/dc C o n v e r t e r   S e l e c t i o n  

2 . 1 . 2  POWER  CONVERSION AND DISTRIBUTION 

Space  p l a s m a   e f f e c t s  upon t h e  materials p r o p e r t i e s   o f   s o l a r   c e l l s ,   s o l a r  
a r r a y   i n t e r c o n n e c t s ,   r e f l e c t o r   f i l m s ,   c o n d u c t o r / i n s u l a t i o n s   a n d   o v e r a l l   h i g h -  
v o l t a g e  power system  performance w i l l  r e q u i r e   d e c i s i o n s   r e l a t i v e   t o   t h e   f o l l o w -  
i n g   o p t i o n   i s s u e s :  

4 S o l a r   c e l l   s e l e c t i o n  - (GaAs v s   S i l i c o n )  

4 S o l a r   c e l l   a n n e a l i n g   t e c h n i q u e  

J C o n c e n t r a t i o n   r a t i o  

d R e f l e c t o r  materials 

4 Power d i s t r i b u t i o n   v o l t a g e   l e v e l  

2.1.3 STRUCTURE AND CONSTRUCTION 

UV/particle r a d i a t i o n   e f f e c t s  on composi te  materials b a s e l i n e d  f o r  SPS 
s t r u c t u r e  are unknown  and p o s s i b l e   o u t g a s s i n g   c h a r a c t e r i s t i c s   r e m a i n   t o   b e  
r e s o l v e d .   I n   a d d i t i o n ,   c o m p o s i t e s  are r e l a t i v e l y   p o o r   e l e c t r i c a l   c o n d u c t o r s ,  
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and   whereve r   compos i t e   s t ruc tu re  interfaces w i t h  metallic p a r t s ,   l o c a l   d i s -  
c h a r g e s   c o u l d   p r o d u c e   s t r u c t u r a l  damage t o   t h e   c o m p o s i t e  material. 

The c a p a b i l i t y   o f  m a n  t o  f u n c t i o n   e f f i c i e n t l y   f o r   a n   e x t e n d e d   d u r a t i o n   i n  
geosynchronous   o rb i t  is  a k e y   i s s u e   i n   b a s i c  SPS c o n s t r u c t i o n   s c e n a r i o s ,   a n d  
o v e r a l l   s y s t e m   c o s t - e f f e c t i v e n e s s   c o n s i d e r a t i o n s .  The e f f e c t s   o f  H-E p a r t i c l e s  
on space   worke r   s t ay  times may have a s i g n i f i c a n t   i m p a c t  on cons t ruc t ion   method-  
ology a n d   l o c a t i o n .  

The f o l l o w i n g   o p t i o n   i s s u e s   a r e   v i s u a l i z e d :  

J S t r u c t u r a l   m a t e r i a l s   s e l e c t i o n  (aluminum vs   composi tes )  

J S p a c e   c o n s t r u c t i o n   l o c a t i o n  (LEO vs GEO vs Hybrid) 

2 .1 .4  LAUNCH VEHICLE/OTV MASS TRANSFER 

The d e m o n s t r a t e d   e f f e c t   o f  F l a y e r   d e p l e t i o n   d u e   t o   l a r g e   h y d r o g e n  o r  hydro- 
carbon-burning  rocket   emissions  poses  a s e r i o u s   c o n s t r a i n t  upon SPS development 
f e a s i b i l i t y   a n d   i m p a c t s   t h e   f o l l o w i n g   t r a d e   o p t i o n s :  

J Launch t r a j e c t o r y   s e l e c t i o n   a n d  rate 

J P r o p u l s i o n   s y s t e m   s e l e c t i o n  
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2.2 TECHNOLOGY  ADVANCEMENT PLANNING NETWORK 

A second-level  synthesis  of  the ''front  end"  technology  advancement  plan 
is  shown  in  Figure 2.2-1. The proposed DOE exploratory  research  program  is 
contained  within  the  dashed  line,  and  represents  the  principal  microwave 
technology  development  effort  during  the  period  1980  to  1985. 

The  overall  technology  plan  reflects  a  strong  emphasis  on  early  compre- 
hensive  ground-testing  supported  as  necessary  by  Shuttle  sortie  experiments, 
and leads to technology  readiness  by  1990.  Power  conversion  and  distribution 
and large  structure  technology  development  time-lines  reflect  current NASA 
focused  plans  through  1985. SPS development  progress-will be a  function of 
the  funding  support  ultimately  provided  against  the  planning  requirements. 
The  three  principal  elements  constituting  the SPS technology  advancement  plan 
include  DOE  microwave  exploratory  research,  other  subsystem  key  technology, 
and  the  ultimate  large  orbital  test  vehicle  program  (that  will  evolve  from 
the  subsystem  ground  and  sortie  developmental  effort)  during  the  period  from 
1985  through  1990.  Each  of  these  major  test  plan  elements  will  be  expanded 
upon  in  this  section. 

The orbital  test  elements  of  the SPS technology  advancement  program  will 
be  supported  by  the  Shuttle  transportation  system  and  its  improvements  and 
derivatives.  Large SPS subscale  orbital  test  articles  will  require  an 
extended-duration  orbiter  and  a  Shuttle-tended LEO  construction  base.  Sub- 
sequent  pilot-plant  construction  after  1990  will  involve  very  large  mass 
transfer  requirements  to LEO as well as  self-sustaining  manned  construction 
facilities  in  LEO  which  require  the  development  of  a  Shuttle-derived  low-cost 
(<$100/lb  to  LEO)  heavy-lift  launch  vehicle. This  development  should  start 
about  1985  to  support  the  planned  scenario. 

As indicated  earlier, SPS microwave  power  transmission  technology  is  the 
critical  technology  determinant  in  early SPS key  issue  evaluation.  The 
technology  uncertainties  involved  will  be  explored  in  the  proposed DOE 
microwave  research  program. 
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2.3 DOE GROUND  EXPLORATORY RESEARCH PROGRAM 

The  objective  of  the  current  joint  SPS  concept  evaluation  program is to 
develop  by  the  end  of 1980 an  initial  understanding of the  economic  practical- 
ity  and the  social  and  environmental  acceptability  of  the  SPS  concept. At the 
present  time,  the  degree  of  uncertainty of all  aspects  of  SPS is high, partic- 
ularly  with  respect  to  environmental  impact. 

In  1980,  the  DOE  with  NASA  technical  support,  plans  to  initiate  a  compre- 
hensive  ground-based  exploratory  research  effort  that  is  SPS  oriented,  environ- 
mentally  driven,  and  aimed  at  reducing  the  uncertainty  associated  with  the 
critical  environmental/technical  issues.  Initial  planned EY 1980 funding will 
be on the  order  of $8 M. 

2 . 3 . 1  OVERALL  EXPLORATORY  RESEARCH  PROGRAM  ELEMENTS 

Major  elements of the  exploratory  research  plan  include: 

a Microwave  Effects 

Health and  Safety 
Ecology 
Communications 
Technology 

a Research  Integration  and  Management  Planning 

Research  for  microwave  effects  on  health  and  safety of humans,  animals  and 
the  ecology will focus  on  deriving  experimental  evidence  relative to low dose, 
long  term  exposure  effects,  high dose, short  term  exposure  effects  and  verifica- 
tion  of  SPS  microwave  technology. 

Planned  effort  in  the  area  of  microwave  effects on communications  will  focus 
on measurements  of  effects  on  communications,  navigation  and  command  and  control 
systems. The test  program  will  orient  to RFI, EMC  and  E/M  harmonics  and  will 
include  experimentation on effects  of  microwave  transmission  upon  the  ionosphere. 
SPS microwave  technology  will  be  verified  through  measurements  of  efficiency 
of  mitigation  strategies.  The  test  logic  sequence  is  shown  in  Figure 2.3-1 .  

The key  test  element  in  the  overall  exploratory  research  program  will  be 
the NASA  supported  microwave  technology  phase  which  will  evaluate  the  technical 
viability  of SPS power  transmission by microwave  beam.  This  effort  will  gener- 
ate  and evaluate test  hardware  for  microwave  generation,  beam  formation  and 
control  and  noise/harmonics  suppression. 

2 . 3 . 2  GROUND-BASED  EXPLORATORY  RESEARCH - MICROWAVE  TECHNOLOGY 
The  objective  of  the  program  is to conduct  technology  research  in  critical 

areas  associated  with  the SPS microwave system, develop  near-prototypical  hard- 
ware,  integrate  this  hardware  in  an  optimum  subarray  design,  conduct  integrated 
tests,  and  produce  performance  data  for  use  in  the  environmental  analysis 
program. A secondary  objective is a continuing  technology  program  in  the 
critical  areas  (klystron,  phase  control,  solid  state)  that  will  provide 
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Figure 2.3-1. Microwave Effects  Test  Logic Sequence 

progressive  development to support  the  technology  advancement  program.  Develop- 
ment  and  integrated  testing  of  near-prototypical  hardware  will  provide  a  much 
stronger  data  base  for  economic  assessments of  the SPS program. 

The  major  elements  of  the  microwave  technology (GBER) plan  and  their  inter- 
relationship  are  shown  in  Figure 2.3-2. As a  background note the  first  early 
microwave  power  transfer work  was  accomplished at  MSFC  in 1969. This  was  a 
low  power  laboratory  test  and  demonstrated  concept  only.  The  first  significant 
large RF power  transfer  was  accomplished  by JPL in 1975. This  test  used  a 
large  dish  antenna  and  a  single  power  tube. It was  a  significant  demonstration 
of  power  transfer  but  did  not  simulate  the  performance  of  the  microwave  system 
as  proposed  by  current SPS system  studies.  There  have  been  no  environmental 
analyses  performed  on  the  microwave  system  that  have  been  based  on  actual  per- 
formance  data. This  plan  will  provide  a  vehicle  for  producing  prototypical 
performance  data  through  a  significant  microwave  component  technology  develop- 
ment  program.  These  data  can  then  be  used  as  the  data  base for the  environ- 
mental  assessment  of  the  microwave  system.  Uncertainties  associated  with  the 
predictions of microwave  system  performance  will  then  be  greatly  reduced. 
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Figure 2.3-2. Major E l e m e n t s  of G r o u n d   B a s e d  
Exploratory R e s e a r c h   ( G B E R )  Program 

The  microwave  technology  exploratory  research  plan  has  been  structured 
within the  following  guidelines. 

a Provide  the  instrumentation  and  data  gathering  hardware  necessary  to 
support  the  integrated  tests  and  provide  sufficient  data  for  input 
to  the  economic  and  environmental  assessments  of  the SPS program. 
Anechoic  chambers  and  ranges  will  be  needed  to  provide  the  quiet 
zones and  far  field  analysis  to  adequately  test  the  performance  of 
the  hardware. EM1 and RFI characteristics  such  as  harmonics  and 
noise  require  low  level,  high  accuracy  measurements  within  a  shield- 
ed anechoic chamber.  Accurate  beam  mapping  and  gain  measurements 
will  require  an RF antenna  range  of  sufficient  length to encompass 
far  field  patterns. 

a Develop  near  prototypical  hardware  in  critical  areas. 

a Develop  data  base  for  economic  and  environmental  assessments. 

a Establish  sufficient  program  continuation  milestones  €or  progressive 
program  development. 

a Provide  qualitative  data  for  microwave  feasibility  and  performance 
evaluation. 
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The  general  flow of the GBER is illustrated  in  Figure 2.3-3. This  chart 
describes  a  progressive  product  oriented  development  and  test  program  with 
key milestones. 

FV 

C o N l R O L  
M A Y  

E L € C l R O N l C S  

F*CILITIES 

MICROWAVE 
GENERATOR 
A N 0  
R A D I A T I N G  
ELEMENT 

L 

F i g u r e  2.3-3. T e c h n i c a l   A p p r o a c h   ( S c h e d u l e / R e s u l  ts) 

The  microwave  technology  GBER  plan  is  divided  into  three  major  parts: 
test  support  and  facility  operations,  integrated  tests,  and  component  develop- 
ment.  Component  development  is  further  subdivided  into  klystron  amplifier, 
solid  state  amplifier,  phase  control, RF radiator,  subarray, and  rectenna. 
Each  part  contributes  to  the  ultimate  objective  of  determining  the  performance 
characteristics  of  a  near  prototypical SPS subarray.  An  example of the  type 
facility  required  to  support  this  development  and  testing  is  illustrated  in 
Figure 2 . 3 - 4 .  This  facility  can  provide  for  testing,  data  collecting,  and 
data  analysis.  Some  typical  performance  monitored  parameters  are RMS phase 
error,  reflected RF power, and  sidelobe  levels. 

The  integrated  test  element  will  provide  design  requirements  for  the 
facility  and  instrumentation.  Integrated  testing  is  subdivided  into  power 
module  tests,  test  article  tests,  and  subarray  tests. This  method  provides 
a step-by-step  buildup for  an  ultimate SPS subarray  test  and  allows  key 
decision  points  along  the  way. 

The third  part of  the  GBER is component  development. It is  perhaps  the 
most  important  part  because  most  of  the  technology  development  occurs  here. 
It is the  technological  progress  with  key  component  developments  that  will 
ultimately  determine  the  performance  characteristics  of  the  near  prototypical 
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REFLECTED POWER 
SIDELOBE  LEVELS 
T E W t R A T U R E S  
VOLTAGES  ANDCURRENTS 
BEBJAPOSITION 
ACOUISITICU TIME 

BEAM INTENSITY 
? ILOT POSlTlONS 
*No LEVEL 
LOAD V A L U E  
SAFETV 
SUBSYSTEM I 

F i g u r e  2.3-4. F u n c t i o n a l  Block Diagram of Test  F a c i l i t y  

SPS suba r ray .   Seve ra l   key   e l emen t s   o f   t he   mic rowave   sys t em  have   been   s e l ec t ed  
f o r   t e c h n o l o g y   i n v e s t i g a t i o n s .  

I n t e g r a t e d  Test P l a n  

The m a j o r   o b j e c t i v e s   o f   t h i s   p r o j e c t  are t h e   e f f e c t i v e  management  and 
t e c h n i c a l   i n t e g r a t i o n   o f   t h e   v a r i o u s   m i c r o w a v e   s y s t e m   e l e m e n t s .   E a c h   s y s t e m  
element   must   support  i ts  own o b j e c t i v e s  and t h e   s y s t e m   o b j e c t i v e   o f   i n t e ' g r a t i o n  
and   per formance   tes t ing   o f  a n e a r   p r o t o t y p i c a l  SPS s u b a r r a y .   S p e c i f i c a l l y   t h i s  
w o u l d   b e   p e r f o r m a n c e   v e r i f i c a t i o n   o f   c r i t i c a l   m i c r o w a v e   s y s t e m   p a r a m e t e r s   t h a t  
i n c l u d e   t r a n s m i s s i o n   e f f i c i e n c y ,  beam forming   accuracy ,  beam s t e e r i n g   a c c u r a c y ,  
power b e a m j p i l o t   s i g n a l   i s o l a t i o n ,   m e c h a n i c a l   a l i g n m e n t / t o l e r a n c e s ,  RF/'dc con- 
v e r s i o n   e f f i c i e n c i e s ,   a n d   a n a l y s i s   o f   t h e   i n t e r a c t i o n   o f   s u b s y s t e m s   a n d   e l e m e n t s .  
The f e a s i b i l i t y  of a microwave  system  to   t ransmit   power a t  t h e   h i g h   e f f i c i e n c i e s  
r e q u i r e d   f o r  SPS when t h e  combined e f f e c t s  of  sys t em  ha rdware   imper fec t ions  are 
cons idered   mus t   be   exper imenta l ly   ver i f ied .   The   per formance   of   the  SPS system 
i s  c r i t i c a l l y   d e p e n d e n t   o n   t h e   p h a s e   d i s t r i b u t i o n j c o n t r o l   e l e c t r o n i c s ,  power 
a m p l i f i e r ,   a n d   r a d i a t i n g   e l e m e n t s  when o p e r a t i n g   i n  a l a r g e   s u b a r r a y   s y s t e m  
c o n f i g u r a t i o n .  Tests o f  such  a system  have  not   been  accomplished  with  accurac-  
ies s u f f i c i e n t   t o   e s t a b l i s h   p e r f o r m a n c e   c a p a b i l i t i e s   r e q u i r e d   t o  meet t h e  SPS 
s p e c i f i c a t i o n s .  

Progress ive   t es t ing   f rom  component   deve lopment   to   power   module   and   f ina l ly  
t o   s u b a r r a y   l e v e l   t e s t i n g  w i l l  p r o v i d e   p e r f o r m a n c e   d a t a   f o r   a s s e s s i n g   t h e  
f e a s i b i l i t y   o f   t h e  SPS microwave  system. Key m i l e s t o n e s   f o c u s   t h e   t e s t i n g   t o  
a l l o w   e f f e c t i v e  management d e c i s i o n s   a n d   p r o v i d e   d a t a  a t  t h e  end  of  performance 
e v a l u a t i o n  and i n p u t s   t o   t h e  DOE env i ronmen ta l   ana lys i s   p rog ram.  
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E a r l y   i n t e g r a t e d  test p lann ing  is e s s e n t i a l   f o r   f a c i l i t y   d e v e l o p m e n t   a n d  
i n s t r u m e n t a t i o n   d e f i n i t i o n   w i t h   t h e   f i r s t  two y e a r s  (1980-1981) d e v o t e d   t o  
p l a n n i n g   a n d   r e q u i r e m e n t s   d e f i n i t i o n  at  a low level of  funding. Some s o f t w a r e  
a n d   p r o c e d u r e   d e f i n i t i o n  will o c c u r   i n  1981 w i t h   a c t u a l   d e v e l o p m e n t   o f   t h e   s o f t -  
ware a n d   p r o c e d u r e s   f o r   t e s t i n g   t o   b e   c o m p l e t e d   i n  1982. The f a c i l i t i e s  w i l l  
t h e n   b e   r e a d y   f o r   c h e c k o u t   a n d   v e r i f i c a t i o n   o f   s o f t w a r e   a n d   p r o c e d u r e s   t o  
s u p p o r t   t h e  power  module tests i n  1983. I n t e g r a t e d  tests h a v e   t h r e e   m a j o r  
hardware   components   for   t es t ing   (F igure  2 .3 -5 ) ,  namely t h e  power  module, t e s t  
a r t i c l e ,   a n d   s u b a r r a y .  The test  program is  d e s c r i b e d   i n   t h e   f o l l o w i n g   p a r a -  
graphs.  

POWER MODULE TEST ART I C L E ( ~ )  
POWER A M P L I F I E R  MODULES 

FEED  SYSTEMS 1 TO 4 PHASE  CONTROL 

PHASE  LOCK LOOP 

F I LTERS 

RF RADIATOR 

SYSTEM 

SUBARRAY 
9 TEST  ARTICLES 

(36 PUR  MODULES 

9-36 PHASE  CONTROL  SYSTEMS) 

( ' ) T H I S  DESIGN I S  OPTIONAL, BUT IT  MOST NEARLY 
REPRESENTS  THE  JOINT  REFERENCE  CONFIGURATION. 

Figure 2 . 3 - 5 .  I n t e g r a t e d  T e s t  Major  Hardware Components 

Power  Module Tes t .   There  w i l l  be  a t  l e a s t  two power  module tests. One 
test u s i n g  a k l y s t r o n  power a m p l i f i e r  and  one  using a s o l i d   s t a t e  power 
ampl i f i e r .   These  tests w i l l  r e q u i r e   d i f f e r e n t   s e t u p s   b e c a u s e  of t he   un ique -  
n e s s  of t h e i r   p a r a m e t e r s .  An example i s  t h e  power   requi rements ;   the   k lys t ron  
would r e q u i r e  several v o l t a g e  levels i n   t h e   k i l o v o l t   r a n g e   a n d   t h e   s o l i d  state 
a m p l i f i e r  would r e q u i r e   o n e   v e r y  low v o l t a g e  (30 t o  50 V) . Each  power  module 
would  have i t s  own unique  components  such as: RF r a d i a t o r ,   p o s s i b l y  some 
d i f f e r e n c e   i n   p h a s e   c o n t r o l ,   f i l t e r ,  power  supply,   and  thermal  control.   The 
power  module test w i l l  r e p r e s e n t   t h e   f i r s t   s i g n i f i c a n t   i n t e g r a t e d  test  d a t a  
i n   t h e  microwave  project   and is e x p e c t e d   t o   p r o v i d e   c o n s i d e r a b l e   d e s i g n  
i n f o r m a t i o n   f o r   u p d a t e  of  t h e  component   and  subarray  design.   Test ing w i l l  
be   required  on  each  component   or   subsystem as i t  a r r i v e s  a t  t h e  test  f a c i l i t y .  
T h i s  test  r e p r e s e n t s   t h e   f i r s t  level  of   in tegra t ion   and   should   p roduce   per form-  
a n c e   i n f o r m a t i o n   o n   n o i s e   a n d   s t a b i l i t y   d u e   t o   m u t u a l   c o u p l i n g   o f   c o m p o n e n t s .  
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Test Article Tests. Two test ar t ic le  tests w i l l  be   conduc ted   i n   1984 ,  
o n e   k l y s t r o n  t es t  a n d   o n e   s o l i d - s t a t e   a m p l i f i e r  test. T h i s   p l a n   p r o v i d e s   f o r  
f o u r  pbwer  modules  and  one  phase  control-   subsystem  to make  one t e s t  a r t i c l e .  
A t o t a l   o f   t e n  power  modules  and two phase   con t ro l   subsys t ems  w i l l  h a v e   t o   b e  
del ivered,   assembled,   and  each  component   checked  out   before   the test  a r t i c l e  
tests can  be  conducted.  The  power  modules  tested i n  1983 w i l l  be   o f  a develop- 
ment   na ture   and  w i l l  n o t   b e   u s e d   i n   t h e  test  a r t i c l e  tests i n   1 9 8 4 .  However, 
one set o f  f i v e  power  modules  (four  plus a s p a r e )   f r o m   t h e  test  a r t i c l e  tests 
i n  1984 w i l l  b e   u s e d   i n   t h e   s u b a r r a y  test i n  1985 .   In t eg ra t ion   o f   t he   phase  
c o n t r o l   c o n j u g a t i n g   e l e c t r o n i c s  w i l l  b e   a c c o m p l i s h e d   i n   t h i s  test. The b a s i c  
a b i l i t y   t o   d e m o n s t r a t e   r e t r o d i r e c t i v i t y   a n d   t h e   i n f l u e n c e   o f   m u t u a l   c o u p l i n g  
from  mult iple   components  w i l l  be   determined.  

Subarray Test. A t o t a l  o f   n ine  test a r t i c l e s  w i l l  b e   r e q u i r e d   f o r   t h e  
s u b a r r a y  t es t  i n  1985.   The   quant i ty   buy   for   the  test  i n  1985 w i l l  be  based  on 
42 power  modules  and 1 0  phase   cont ro l   subsys tems.   This   module  w i l l  r e p r e s e n t  
a n e a r   p r o t o t y p i c a l  SPS subar ray   and  w i l l  p r o v i d e  similar performance  charac- 
terist ics.  The r e f e r e n c e   p h a s e   d i s t r i b u t i o n   s y s t e m  w i l l  b e   i n t e g r a t e d  and 
end t o  end  performance w i l l  b e   d e m o n s t r a t e d   w i t h   m u l t i p l e   p h a s e   c o n t r o l  
s y s  t ems. 

Component  Development 

Klys t ron   Ampl i f i e r .  A low  power k l y s t r o n  w i l l  be   des igned   w i th   adequa te  
C h a r a c t e r i s t i c s   t o   s u p p o r t   t h e   i n t e g r a t e d   t e s t i n g   a n d   f e a s i b i l i t y   d e t e r m i n a -  
t i o n   o f   a n  SPS suba r ray .   Concur ren t ly  a h i g h  power t u b e   w i t h   h i g h   e f f i c i e n c y ,  
low s p e c i f i c   w e i g h t ,   a n d  a hea t -p ipe   thermal   sys tem w i l l  be  developed.  Develop- 
ment  of  the  low  power  tube i s  a key  element i n  the   per formance   of   the   near  
p r o t o t y p i c a l  SPS s u b a r r a y .  

This   deve lopment   p ro jec t   should   p roduce  a low  power k l y s t r o n   w i t h  a depres-  
s e d   c o l l e c t o r   d e s i g n   t h a t   d e m o n s t r a t e s  similar c h a r a c t e r i s t i c s   ( p h a s e   s h i f t ,  
no i se ,   and   ha rmon ic   gene ra t ion )   t o  a l a r g e   h i g h  power  tube. Some compromises 
are expec ted   because   the   deve lopment   cyc le  on the   l ow power  tube w i l l  be  stop- 
ped in 1983.  However, i t  is  e x p e c t e d   t h a t   t h e   t u b e  w i l l  pe r fo rm  adequa te ly   t o  
s u p p o r t   t h e   i n t e g r a t e d  tests and   p rov ide   t he   necessa ry   i n t eg ra t ed   pe r fo rmance  
d a t a  a n d   i n p u t   t o  DOE s t u d i e s .  The  development  of  the  high  power  tube  should 
d e m o n s t r a t e   h i g h   e f f i c i e n c y   ( g o a l   o f   8 5   p e r c e n t ) ,   h i g h   g a i n   ( g o a l   o f  50 dB),  
low n o i s e ,   a n d   h i g h   r e l i a b i l i t y .  A p a r a l l e l   d e v e l o p m e n t   o f   t h e   t h e r m a l  
r a d i a t o r   f o r   t h e   l a r g e   k l y s t r o n  w i l l  b e   r e q u i r e d   t o   d e m o n s t r a t e   a n   i n t e g r a t e d  
power a m p l i f i e r / t h e r m a l   r a d i a t o r   d e s i g n   f o r   t h e r m a l  vacuum t e s t i n g   i n   1 9 8 5 .  

S o l i d   S t a t e   A m p l i f i e r .  A s o l i d  s ta te  a m p l i f i e r  w i l l  be   deve loped   to  
s u p p o r t   t h e   p r o g r e s s i v e   t e s t i n g   a n d   d e m o n s t r a t i o n  of a n e a r   p r o t o t y p i c a l  SPS 
" 

suba r ray   des ign .   Sys t em  s tud ie s   have   i nd ica t ed   t ha t  a power a m p l i f i e r  o f  t h e  
1 kW range  w i l l  be   needed   t o   suppor t   t hese  tests. A phased   des ign  is planned 
so a d e c i s i o n   p o i n t  on  power a m p l i f i e r   s e l e c t i o n   c a n   b e  made in   1984.   System 
s t u d i e s   h a v e   i n d i c a t e d   s o l i d  s ta te  t o   b e  a v i a b l e   c a n d i d a t e  for t h e  SPS power 
a m p l i f i e r .   T h e r e  i s  n o   a m p l i f i e r   o f   t h i s   n a t u r e   a v a i l a b l e   c u r r e n t l y .  
Technology  development i s  n e e d e d   t o   d e m o n s t r a t e   t h e   c a p a b i l i t i e s   o f   t h e   s o l i d  
s ta te  a m p l i f i e r .  

" 
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This development   p ro jec t   should   p roduce  a s o l i d  state a m p l i f i e r   t h a t   c a n  
be   u sed   t o   ve r i fy   t he   pe r fo rmance   o f   an   SPS- l ike   suba r ray .   Spec i f i c   r equ i r e -  
ments w i l l  b e   t o   d e m o n s t r a t e   h i g h   e f f i c i e n c y   ( g o a l   o f  85 p e r c e n t ) ,   e s t a b l i s h  
t h e r m a l   o p e r a t i n g   c h a r a c t e r i s t i c s ,   l o w   n o i s e ,   i n c r e a s e d   g a i n ,   a n d   e s t a b l i s h  a 
b a s e   f o r   c o s t   e s t i m a t i o n .   T h i s   d e v e l o p m e n t   i n f o r m a t i o n  w i l l  b e   f e d   b a c k   t o   t h e  
s y s t e m   s t u d i e s   f o r   i m p a c t   a n a l y s i s   o n   s y s t e m   d e s i g n ,  An optimum  power  module 
des ign   based   on   t he rma l   da t a ,  power d i s t r i b u t i o n   r e q u i r e m e n t s ,   r e l i a b i l i t y  and 
p h a s e   c o n t r o l   t r a d e o f f s  w i l l  r e s u l t  from  the  technology  program. 

RF Rad ia to r .  New RF r a d i a t o r   d e s i g n s  w i l l  b e   i n v e s t i g a t e d  as sugges t ed  
" 

i n   t h e   s y s t e m s   s t u d i e s   a n d   h a r d w a r e   p r o v i d e d   t o   s u p p o r t   t h e   i n t e g r a t i o n   a n d  
t e s t i n g   o f   t h e   S P S - l i k e   s u b a r r a y .   S p e c i f i c   o b j e c t i v e s  w i l l  inc lude   de te rmina-  
t i o n   o f   t h e   e f f i c i e n c y  levels a c h i e v a b l e   f o r  a s i n g l e   f r e q u e n c y   r a d i a t o r ,  
m e c h a n i c a l   a l i g n m e n t s   a n d   t o l e r a n c e s   c o n s i d e r i n g   e f f i c i e n c y   a n d  mass produc- 
t i o n ,   a n d   d i p l e x e r   c a p a b i l i t i e s   t o   s u p p r e s s   h a r m o n i c s   a n d   n o i s e   s i d e b a n d s .  
Requ i remen t s   fo r   an  SPS RF r a d i a t o r   d i f f e r   f r o m  s ta te  o f   t h e  a r t  i n  two 
a s p e c t s ,  mass p r o d u c t i o n   a n d   d e g r e e   o f   r e d u c t i o n   i n   t o l e r a n c e s   r e q u i r e d .  
S t a t e   o f   t h e  a r t  d e s i g n s  are i n t e r e s t e d   i n   t e n t h s   o f  a dB,  and SPS is  i n t e r e s t -  
ed i n   t e n t h s   o f  a percent .   Half   an  order   of   magni tude  improvement   in  mass 
manufactur ing  and  design are r e q u i r e d .  

The SPS s y s t e m   s t u d i e s   h a v e   i n d i c a t e d   t h a t  new d e s i g n s   i n  RF r a d i a t o r s  
c o u l d   o f f e r  some a d v a n t a g e s   i n   e f f i c i e n c y ,   w e i g h t ,   a n d  mass product ion   tech-  
n iques .   There  are t h r e e   d e s i g n s   t h a t  w i l l  be   s tud ied :  two t h a t  relate p r i -  
mar i ly   t o   t he   k lys t ron   ( compos i t e   wavegu ide   and   r e sonan t   cav i ty   r ad ia to r )   and  
a t h i r d   t h a t  relates t o   t h e   s o l i d  s t a t e  des ign .  It is  a n t i c i p a t e d   t h a t   t h e r e  
w i l l  be  a number o f   d i f f e r e n t   r a d i a t o r   d e s i g n s   p u r s u e d   w i t h   t h e   s o l i d  s ta te  
power a m p l i f i e r .   R e q u i r e m e n t   d e f i n i t i o n   a n d   d e s i g n   c a n   b e   d e l a y e d   u n t i l   1 9 8 1  
t o   g e t   a n   i n p u t   f r o m   t h e   a m p l i f i e r   p r o j e c t s .  The  composite  waveguide  and RCR 
w i l l  concen t r a t e   ea r ly   deve lopmen t  work i n   1 9 8 2   w i t h  a d e c i s i o n   i n   e a r l y   1 9 8 3 .  
The s e l e c t e d   d e s i g n  w i l l  s u p p o r t   t h e   k l y s t r o n  power  module t e s t  i n   1 9 8 3 .  

P h a s e   C o n t r o l .   T h i s   a c t i v i t y  is des igned   to   p rovide  a de t e rmina t ion   o f  
f e a s i b i l i t y  and  performance  evaluat ion of t h e   p h a s e   c o n t r o l   s y s t e m .   T h i s  
p r o j e c t  w i l l  d e t e r m i n e   p h a s e   d i s t r i b u t i o n   e r r o r   b u i l d u p ,   c o n j u g a t i o n   a c c u r a c y ,  
p i l o t / p o w e r  beam i s o l a t i o n ,   f a i l u r e   e f f e c t s  on beam shape ,  power a m p l i f i e r  
p h a s e   n o i s e   e f f e c t s ;   i d e n t i f y   h a r d w a r e   l i m i t a t i o n s ;   a n d   e s t a b l i s h   s y s t e m   p e r -  
f o r m a n c e   c r i t e r i a .  

C u r r e n t   s t u d i e s   i n d i c a t e   e x t r e m e l y   a c c u r a t e   p h a s e   d i s t r i b u t i o n   a n d  beam 
p o i n t i n g  w i l l  b e   r e q u i r e d   f o r  SPS. Analy t ica l   e f for t s   mus t   be   complemented  
w i t h   a n   a g g r e s s i v e   h a r d w a r e   d e v e l o p m e n t   a n d   e v a l u a t i o n   p r o g r a m   t o   s a t i s f a c t o r i l y  
demons t r a t e   t he   pe r fo rmance   o f   t he   sys t em  and   p rov ide   an   adequa te   da t a   i npu t  
t o   t h e  DOE envi ronmenta l   ana lys i s   p rogram.  

The   phase   cont ro l   sys tem  requi rements   and   des ign  w i l l  b e   d e f i n e d   i n   t h e  
f i r s t   y e a r   ( 1 9 8 0 ) .   T h e r e  are two key  technology areas and   one   suppor t ive  area 
t h a t   n e e d   d e v e l o p i n g   i n   1 9 8 1 .   T h e   r e f e r e n c e   d i s t r i b u t i o n   s u b s y s t e m  w i l l  be  
designed  and a breadboard   model   deve loped   and   tes ted   in  1981. A recovery  and 
c o n j u g a t i n g   e l e c t r o n i c s   s u b s y s t e m  w i l l  be   designed  and a breadboard  model 
deve loped   and   tes ted   in   1981.   The   suppor t ing   des ign   of  a p i l o t   t r a n s m i t t e r  
w i l l  b e   s t a r t e d   i n   1 9 8 1 .   T h i s   t r a n s m i t t e r  i s  n o t   c o n s i d e r e d  a technology i tem 
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b u 5 , i s   r e q u i r e d   f o r   t h e   u l t i m a t e   p e r f o r m a n c e   o f   t h e   s y s t e m .   I n t e g r a t i o n  of 
t h e   r e f e r e n c e   d i s t r i b u t i o n   s u b s y s t e m s   a n d   t h e   r e c o v e r y / c o n j u g a t i n g   e l e c t r o n i c s  
w i l l  o c c u r   e a r l y   i n   1 9 8 2 .  A p r o t o t y p e   d e s i g n   o f   t h i s   i n t e g r a t e d   s y s t e m   a n d  
t h e   p i l o t   t r a n s m i t t e r  w i l l  b e   d e v e l o p e d   a n d   t e s t e d   i n  1.982.  These  two  sub- 
systems w i l l  t h e n   b e   i n t e g r a t e d   i n t o  a t o t a l   p h a s e   c o n t r o l   s y s t e m   p r o t o t y p e  
e a r l y   i n   1 9 8 3 .  No hardware is  r e q u i r e d   t o   s u p p o r t   t h e   i n t e g r a t e d  test  p r o j e c t  
u n t i l   t h e  test a r t i c l e  tests i n  1984.   Design  information w i l l  b e   f e d   t o   t h e  
s u b a r r a y   d e v e l o p m e n t   p r o j e c t   i n   1 9 8 3 .  

Subarray.  The subar ray   subsys tem w i l l  p r o v i d e   t h e   i n t e g r a t e d   d e s i g n  of 
power  modules  and test  art icles l e a d i n g   t o   t h e   d e v e l o p m e n t   o f  a n e a r   p r o t o -  
t y p i c a l  SPS suba r ray   i n   1985 .  It w i l l  d e t e r m i n e   t h e   u n i q u e   c h a r a c t e r i s t i c s  
o f   t h e   i n t e g r a t e d   d e s i g n   a n d   p e r f o r m   t r a d e o f f s   o n   c o s t   a n d   c o m p l e x i t y   o f   t h e  
s u b a r r a y   d e s i g n .  

The s i n g l e  most c r i t i c a l   e l e m e n t   i n   t h e  SPS microwave  system i s  the   sub-  
a r r a y .  The s u b a r r a y  w i l l  determine t h e   u l t i m a t e   p e r f o r m a n c e   c h a r a c t e r i s t i c s  
of   the   phased   a r ray   an tenna .  It i s  necessa ry   t o   deve lop   and  test a nea r   p ro to -  
t y p i c a l   s u b a r r a y   t o   a c c u r a t e l y  assess the  performance  of   the SPS microwave 
s y s t e m .   T h i s   s u b a r r a y   s h o u l d   b e   s i m i l a r   i n   s i z e   a n d   p a r t s   c o u n t   t o   t h e  
expected SPS des ign .  

T h i s   p r o j e c t  w i l l  t a k e   t h e  component   design  data ,  set r e q u i r e m e n t s   f o r  
t h e  power  module i n t e g r a t e d   d e s i g n ,   a n d   p r o v i d e   t h a t   i n t e g r a t i o n .  It w i l l  f eed  
b a c k   d a t a   i n t o   t h e  component  designs  and set r e q u i r e m e n t s   f o r   t h e   s u b a r r a y  
d e s i g n   a n d   i n t e g r a t i o n .  It w i l l  p r o v i d e   t h e   i n t e g r a t i o n   f o r   t h e   t e s t  a r t i c l e  
a n d   s u b a r r a y   c o n f i g u r a t i o n s .  The   end   r e su l t  w i l l  be test  d a t a   o n  a near   p ro to-  
t y p i c a l  SPS s u b a r r a y .  

Rec tenna .   The   ob jec t ive   o f   t he   r ec t enna   p ro j ec t  is t o  assess f e a s i b i l i t y  
of   p roducing   rec tenna   e lements   which   have  a su f f i c i en t ly   w ide   dynamic   r ange  
t o  accommodate  incoming  power beam v a r i a t i o n s   a n d   o u t p u t   d c   l o a d   v a r i a t i o n s .  
Al though  h igh   e f f ic iency   (85   percent )   has   been   demonst ra ted   on   rec tenna   e lement  
RF-dc conve r s ion ,   t hese   e l emen t s  do n o t   e x h i b i t  a high  dynamic  range.  There 
i s  much t o   b e   d o n e   i n   d e t e r m i n i n g   i f   t h e s e   e l e m e n t s   c a n   i n t e r f a c e   e f f i c i e n t l y  
w i t h   t h e   v a r i a t i o n s   i n  RF power d e n s i t y   l e v e l s   a n d   d c   l o a d   b e f o r e  a v i a b l e  
rec tenna   concept   can   be   demonst ra ted .   There  i s  a l s o  a need   t o   demons t r a t e  
low c o s t   m a n u f a c t u r i n g   t e c h n i q u e s   f o r   t h e   r e c t e n n a .  

The r e c t e n n a   p r o j e c t  i s  expec ted   t o   deve lop  a h i g h   e f f i c i e n t   ( g o a l   o f  
90 p e r c e n t ) ,   l o w   c o s t   r e c t e n n a   e l e m e n t   o f   s u f f i c i e n t   s i z e   t o   v e r i f y   p e r f o n n -  
ance   requi rements .  The p r o j e c t   s h o u l d   d e t e r m i n e   e f f i c i e n c y   l e v e l s   a c h i e v a b l e  
and   deve lop   de ta i led   unders tandings   o f   each   component ,   e lement ,   and   subar ray  
f o r   p r e d i c t i n g   c o s t .   P e r f o r m a n c e   d a t a   s h o u l d   p r o v i d e   c a p a b i l i t y   t o   p r e d i c t  
p e r f o r m a n c e   o f   f u l l   s c a l e  SPS r e c t e n n a .   T h i s   p r o j e c t  w i l l  de t e rmine   p ro t ec -  
t i o n   r e q u i r e m e n t s   f o r   f a i l u r e  modes   and   deve lop   techniques   for   p red ic t ing   of f -  
n o r m a l   p e r f o r m a n c e   i n c l u d i n g   h a r m o n i c   s c a t t e r i n g   e f f e c t s .  

2.3.3 SUMMARY COST AND SCHEDULE 

The  microwave p r o j e c t  i s  e s t i m a t e d   t o   r e q u i r e   f u n d i n g   o f   a p p r o x i m a t e l y  
32 m i l l i o n   d o l l a r s   i n   t h e  1980-1985  t imeframe.  Figure  2.3-6  displays  the 
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Figure 2.3-6. Exploratory Research P l a n  Cost 
(Millions of Dollars - 1978) 

c o s t s  by   ma jo r   p ro j ec t   e l emen t ,   t he   an t i c ipa t ed   s chedu l ing ,   and   ma jo r   ha rdware  
de l ive ry   r equ i r emen t s .   Fund ing   beg ins   i n   1980   w i th   one   mi l l i on   fo r   ea r ly  
deve lopmen t   o f   t he   va r ious   mic rowave   sys t em  e l emen t s   and   g radua l ly   bu i ld s   t o  
a peak  year   (1984)   cost  o f  s l i g h t l y   o v e r   e i g h t   m i l l i o n   d o l l a r s   ( F i g u r e  2.3-7) 
as the   p rog ram  r eaches   t he   sys t em  in t eg ra t ion   and  test phase .   The rea f t e r  
f u n d i n g   l e v e l s   d e c r e a s e   t o   t h a t   r e q u i r e d   f o r   a n   o p e r a t i o n s   a n d  test  phase 
wi th   no   more   l a rge   component   buys   an t ic ipa ted .  

M a j o r   p r o j e c t   c o s t   d r i v e r s  are the   phase   cont ro l   deve lopment   and   the  
p a r a l l e l   d e v e l o p m e n t s   o f   t h e   s o l i d  s ta te  and k l y s t r o n  power a m p l i f i e r s .  To- 
ge the r   t hese   t h ree   componen t s   accoun t   fo r   ove r  50 p e r c e n t   o f   t h e   t o t a l   p r o g r a m  
c o s t .  

Ma jo r   g round   ru l e s   and   a s sumpt ions   t ha t   fo rm  the   bas i s  of  t h i s   c o s t  
estimate are: 

1. C o s t s   i n c l u d e   d e s i g n   a n d   d e v e l o p m e n t ,   p r o d u c t i o n   l i n e   t o o l i n g ,   p r o t o -  
t yp ica l   ha rdware   p rocuremen t ,   spa res ,  test f a c i l i t i e s ,  test  i n s t r u -  
mentat ion  and test ope ra t ions ,   and   t echno logy   s tud ie s   where   app l i cab le  
(phase   con t ro l   and  power a m p l i f i e r s ) .  Use of  some  government 
f a c i l i t y   a n d   i n t e g r a t i o n   a n d   t h e   i n t e g r a t e d  tests w i t h  no cha rge .  

2 .  A l l  c o s t s  are i n   c o n s t a n t   1 9 7 8   d o l l a r s  (no  a l lowance  for   post-1978 
i n f l a t i o n ) .  
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3. Unit  costs  assumed: phase  control - $100K, and power  amplification - 
$50K. 

Figure 2.3-7. Graph of Exploratory Research Plan Cost 
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2.4 KEY  TECHNOLOGY  PLAN 

T h e   E x p l o r a t o r y   R e s e a r c h   P r o g r a m   d e s c r i b e d   i n   t h e   p r e v i o u s   s e c t i o n   h a s  
been   prepared   to   eva lua te   the   microwave   power   t ransmiss ion   sys tem.  While t h e  
microwave  system is c o n s i d e r e d   t o   b e  a v e r y   c r i t i c a l   l i n k   i n   t h e  SPS program, 
t h e r e  are technology areas o u t s i d e   t h i s   l i n k   w h i c h  w i l l  r e q u i r e   a t t e n t i o n   i n  
t h e  1 9 8 1 - 8 5   t i m e   p e r i o d   t o   a n s w e r   c r i t i c a l   q u e s t i o n s   a n d   e s t a b l i s h   c r e d i b i l i t y  
of   the  complete   system  concept .   The Key Technology  Program  provides  a summary 
o f   t h e s e   a d d i t i o n a l   t e c h n o l o g y   s t u d i e s .  The Key Technology  Program  would  con- 
s is t  of   ex tended   ana lys i s ,   l abora tory   deve lopment ,   and   ground tests i n   d i s c i -  
p l i n e s   o t h e r   t h a n   m i c r o w a v e .   I n   a d d i t i o n ,   f l i g h t   e x p e r i m e n t s   a n d   f l i g h t  
p r o j e c t   d e f i n i t i o n s   h a v e   b e e n   i n c l u d e d .  The term “f   L ight   exper iments” ,  as 
u s e d   h e r e i n ,   r e f e r s   t o   o r b i t a l   t e s t i n g   o f   c o m p o n e n t s   o r   e l e m e n t s   o f  a system 
which   can   be   comple t ed   i n   t he   1981-85   pe r iod .   F l igh t   p ro j ec t s  are b r o a d e r   i n  
s c o p e   ( u s u a l l y   s y s t e m   l e v e l   a c t i v i t i e s )  are more c o s t l y ,   a n d  are not   planned 
f o r   c o m p l e t i o n   u n t i l   t h e  1986-90 p e r i o d ,   s i n c e   t h e y   r e q u i r e   l o n g e r   l e a d  times 
f o r   d e f i n i t i o n  and  planning. 

Dur ing   the  p a s t  a n d   c u r r e n t   a c t i v i t i e s ,   e l e m e n t s   o f   t h e  SPS program  have 
evolved  based on t r a d e   r e s u l t s  and  more d e t a i l e d   r e f i n e m e n t  of concepts .  It 
is t h e r e f o r e   e x p e c t e d   t h a t   t h i s   p l a n   l i k e w i s e  w i l l  b e   c o n t i n u a l l y   r e f i n e d  as 
re sea rch   p roceeds ,  A t  p resent ,   however ,  i t  i s  b e l i e v e d   t h a t   t h i s   p l a n  encom- 
passes   those  technology  advancements   which are n e e d e d   t o   b u i l d  upon pas t   and  
c u r r e n t   a c t i v i t i e s   a n d   p r o v i d e  new t e c h n i c a l   i n f o r m a t i o n   o n   w h i c h   t o   e s t a b l i s h  
SPS program c red ib i l i t y   and   p rov ide   i n fo rma t ion   on   wh ich   t o   a s ses s  SPS program 
c o n t i n u a t i o n .  

The Key Technology  Program w i l l  be   d i rec ted   toward   labora tory   deve lopment  
and t e s t i n g  o f   va r ious   e l emen t s   t o   de t e rmine  i f  the   t echn ica l   and   pe r fo rmance  
a s s u m p t i o n s   o f   t h e   e a r l i e r   s t u d i e s   w e r e   v a l i d ;   t o   o b t a i n   d a t a   f o r   n e e d e d  
t echn ica l ,   e conomic ,   env i ronmen ta l ,   and   soc i e t a l   a s ses smen t s ;   t o   a s ses s   o the r  
SPS s y s t e m / s u b s y s t e m   a l t e r n a t i v e s ;   a n d   t o   c o n d u c t   l i m i t e d   f l i g h r   e x p e r i m e n t s  
a n d   d e f i n e   f l i g h t   p r o j e c t s .  Key e l e m e n t s   r e q u i r i n g   s u c h   e f f o r t   i n c l u d e   e x t e n -  
s i o n   o f   p r e s e n t   t e r r e s t r i a l   s o l a r  c e l l  p rograms   t o   space   app l i ca t ions   i nc lud ing  
process ing   techniques ,   annea l ing ,   and   bonding;   ex tens ive   computer   ana lys i s   o f  
l a r g e   s p a c e   s t r u c t u r e s ;   d e v e l o p m e n t   a n d   t e s t i n g   o f   g r a p h i t e   c o m p o s i t e s   a n d  
thin-gage  aluminum i n   t h e   v a r i o u s   r e q u i r e d   c o n f i g u r a t i o n s ;   s i m u l a t i o n   a n d  
development   o f   concepts   and   equipment   o f   power   d i s t r ibu t ion   for   s teady  s ta te  
and   t r ans i en t   pe r fo rmance ;   deve lopmen t   and   t e s t ing   o f   space   cons t ruc t ion  
t e c h n i q u e s   f o r   b u i l d i n g   o f   s t r u c t u r a l  beams, f a s t e n i n g   o f   s t r u c t u r a l  members, 
i n s t a l l a t i o n   o f   s o l a r   a r r a y s   a n d   e q u i p m e n t ;   a n d   d e v e l o p m e n t   a n d   d e m o n s t r a t i o n  
of l a r g e   e l e c t r i c   t h r u s t e r s   u t i l i z i n g   a r g o n  and   a s soc ia t ed   power   p rocess ing  
equipment.  

2 .4 .1  SOLAR ARRAY 

The SPS r e f e r e n c e   s y s t e m   u t i l i z e s   s o l a r   c e l l s   a s   t h e   e n e r g y   s o u r c e   f o r  
t h e   s a t e l l i t e   s y s t e m .  Two o p t i o n s   h a v e   b e e n   c a r r i e d   f o r   t h e   r e f e r e n c e   s y s t e m :  
(a )   ga l l ium  a luminum  a rsen ide  (GaPLlAs) s o l a r  cel ls ,  a n d   ( b )   s i l i c o n   ( S i )   s o l a r  
c e l l s .  Each   op t ion   r ep resen t s  a high  degree  of   technology  which  has   not   been 
demonstrated.  
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T o d a y ' s   s o l a r  cells  are less e f f i c i e n t ,   h e a v i e r ,   m o r e   c o s t l y ,  more  sus- 
c e p t i b l e   t o   r a d i a t i o n  damage,  and  produced i n  much smaller q u a n t i t i e s   t h a n  
r e q u i r e d   f o r  SPS. C u r r e n t l y ,   t h e r e  are a n u m b e r   o f   o n g o i n g   s o l a r   c e l l   d e v e l -  
opment ac t iv i t ies  (DOE, DOD, NASA, e t c . ) ;   h o w e v e r ,   n o n e   o f   t h e s e   s p e c i f i c a l l y  
a d d r e s s   r e q u i r e m e n t s   f o r  SPS. S i n c e   t h e   s o l a r   b l a n k e t   c o n s t i t u t e s  a s i g n i f i -  
c a n t   p o r t i o n   o f   t h e  SPS t o t a l   p r o g r a m   c o s t   a n d  mass, t h e r e  is a n e e d   t o  
d e v e l o p   s o l a r   c e l l s   s u i t a b l e   f o r  SPS a p p l i c a t i o n .  

The accompl i shmen t   o f   t he   fo l lowing   ob jec t ives  is t h e r e f o r e  deemed 
n e c e s s a r y :  

Develop   the  two s o l a r   c e l l   m a t e r i a l s   b a s e l i n e d   i n   t h e   r e f e r e n c e  
system. 

Assess a n d   e v a l u a t e   a l l   c a n d i d a t e   c e l l s  a t  end  of  development  period. 

Assess s u s c e p t i b i l i t y   t o   d e g r a d a t i o n   d u e   t o   p a r t i c u l a t e   r a d i a t i o n  
and i n v e s t i g a t e   a n n e a l i n g .  

Examine   approaches   t o   au tomated   so l a r   ce l l   f ab r i ca t ion   and   b l anke t  
assembly. 

S e l e c t   r e f l e c t o r  materials, develop test  a r t ic les ,  and   de te rmine  
p e r f o r m a n c e   c h a r a c t e r i s t i c s .  

Demonstrate 80 pe rcen t   ga l l i um  r ecove ry   f rom  baux i t e .  

The e x p e c t e d   r e s u l t s   o f   t h e   s o l a r   a r r a y   t e c h n o l o g y   p r o g r a m   a r e   t h e   d e v e l -  
opment  and s e l e c t i o n   o f   h i g h   p e r f o r m a n c e ,   l i g h t w e i g h t ,   l o w   c o s t ,   r a d i a t i o n  
r e s i s t a n t   a n d / o r   a n n e a l a b l e   s o l a r   c e l l s   w i t h   t h e   a b i l i t y   t o  b e  processed  and 
f a b r i c a t e d   i n   l a r g e   q u a n t i t i e s  a t  h i g h   y i e l d .   I n   a d d i t i o n ,  items w h i c h   a f f e c t  
t h e   a r r a y   p e r f o r m a n c e ,   s u c h   a s   r e f l e c t o r s ,  w i l l  b e   t e s t e d   a n d   e v a l u a t e d   f o r  
s p a c e   e n v i r o n m e n t a l   c o n d i t i o n s .  

A p roposed   p rog ram  fo r   ea r ly  GaAs s o l a r   c e l l   d e v e l o p m e n t  i s  summarized 
i n  Appendix A .  

2 . 4 . 2  POWER DISTRIBUTION 

The Power D i s t r i b u t i o n   S u b s y s t e m  (PDS) as d e f i n e d   h e r e i n   r e c e i v e s   e l e c -  
t r i c a l  power from t h e   s o l a r   a r r a y   b l a n k e t s   a n d   p r o v i d e s   t h e   p o w e r   b u s s e s ,  
r e g u l a t i o n ,   s w i t c h i n g ,   c i r c u i t   p r o t e c t i o n ,   a n d   e n e r g y   s t o r a g e   r e q u i r e d   t o  
d e l i v e r   r e g u l a t e d  power f o r   d i s t r i b u t i o n   t o   t h e   a n t e n n a   s y s t e m  (dc-RF con- 
v e r t e r s )   a n d   t h e   v a r i o u s   s u b s y s t e m s   ( a t t i t u d e   c o n t r o l ,   i n f o r m a t i o n   m a n a g e m e n t ,  
e t c . ) .  T h e   g r o u n d i n g ,   e l e c t r o m a g n e t i c   i n t e r f e r e n c e   c o n t r o l ,   h i g h   v o l t a g e  
plasma i n t e r a c t i o n s ,   a n d   s p a c e c r a f t   c h a r g i n g   o f   t h e  SPS are a l s o   i n c l u d e d  as 
p a r t   o f   t h e  PDS. 

The  key  technology  needs  are   der ived  f rom  the  requirement   to   operate   the 
PDS a t  t h o u s a n d s   o f   v o l t s   t o   p r o v i d e   r e a s o n a b l e   d i s t r i b u t i o n   e f f i c i e n c i e s   a n d  
low  subsystem mass. The PDS m u s t   a l s o   p r o v i d e   a c c e p t a b l e   s a f e g u a r d s   f o r  
p e r s o n n e l   a n d   e q u i p m e n t   a n d   o p e r a t e   w i t h   r e a s o n a b l e   r e l i a b i l i t y   a n d   m a i n t a i n -  
a b i l i t y .   I n   c e r t a i n   k e y  areas t h e r e  i s  no app l i cab le   t echno logy   base   f rom 
p r e v i o u s  terrestrial o r   space   p rog rams   wh ich  w i l l  p e r m i t   c o n f i d e n t   e x t r a p o l a -  
t i o n   o f  SPS power d i s t r i b u t i o n   d e s i g n   a n d   o p e r a t i o n a l   r e q u i r e m e n t s .   T h e  SPS 
t h e r e f o r e   r e q u i r e s   t e c h n o l o g y   a d v a n c e m e n t   f o r  a number o f   key   e l emen t s   i n   t he  
PDS. 
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The c u r r e n t   r e f e r e n c e   c o n c e p t   u t i l i z e s   t h i n   s h e e t  aluminum  conductors  to 
o p t i m i z e   t h e r m a l   a n d ,   i n   t u r n ,   e l e c t r i c a l   p r o p e r t i e s .  It w i l l  b e   n e c e s s a r y   t o  
ana lyze   and  t es t  materials, c o a t i n g s ,  and   geomet r i c   con f igu ra t ions   capab le  of 
w i t h s t a n d i n g   s w i t c h i n g   a n d   f a u l t   t r a n s i e n t s  as w e l l  as t r a n s i e n t s   r e s u l t i n g  
f r o m   p e r i o d i c   E a r t h   o c c u l t a t i o n s .  

S o l i d  s ta te  power p r o c e s s o r s  are v i s u a l i z e d   w i t h   t h e   s u b s y s t e m   o p e r a t i n g  
a t  thousands   o f   vo l t s   and   amps ,   whereas   t he   cu r ren t   t echno logy   fo r   t r ans i s to r s ,  
t h y r i s t o r s ,   e t c . ,  is i n   t h e   o r d e r  o f  1000 V a t  a few  hundred  amps.  Therefore, 
t echno logy   fo r   r egu la t ion   and   dc /dc   conve r s ion  a t  t h e  SPS d e s i g n  power levels 
need   to   be   deve loped   and   demonst ra ted .  

Subsystem  switchgear  is n e e d e d   f o r  power s w i t c h i n g   a n d   c i r c u i t   p r o t e c t i o n .  
Requ i remen t s   p l aced   on   t hese   t ype   dev ices   i nc lude   swi t ch ing   and   i n t e r rup t ing  
c u r r e n t   l e v e l s   o f   s e v e r a l   t h o u s a n d  amps a t  t h e   d e s i g n   v o l t a g e   l e v e l   o f  40,000 
V. Various  types o f  switchgear   have  been  developed  for   ground  use  which w i l l  
hand le   t hese  power l e v e l s .  The g e a r  i s ,  however ,   large  and  bulky  due  to   the 
r e q u i r e m e n t   f o r   “ f o r c e d   z e r o   c u r r e n t , ”   a n d   n o t   e a s i l y   a d a p t a b l e   f o r   s p a c e  
o p e r a t i o n .  

Spacec ra f t   cha rg ing   and   p l a sma   i n t e rac t ion   s tud ie s   mus t  b e  i n i t i a t e d  
e a r l y   t o   d e v e l o p  a b e t t e r   u n d e r s t a n d i n g   o f   t h e s e  phenomena  and t o   d e r i v e  
r e s t r i c t i o n s  i m p o s e d   o n   t h e   s p a c e c r a f t   d e s i g n   d u e   t o   s u c h   t h i n g s   a s   i d e n t i f i -  
c a t i o n   o f   a c c e p t a b l e   a n d   u n a c c e p t a b l e   m a t e r i a l s .  

The   expec ted   r e su l t s   i nc lude   t he   deve lopmen t  of a math  model  simulation 
t o   i n i t i a l l y   d e f i n e   t h e   s u b s y s t e m   a n d  component  requirements  and l a te r  t o  
s imula t e   t he   expec ted   subsys t em  pe r fo rmance   cha rac t e r i s t i c s   based   on   i n t eg ra t -  
e d   r e s u l t s  f rom  the  component   development   act ivi ty .   Laboratory  development  
and t e s t i n g  w i l l  b e   c o n d u c t e d   t o   c o n f i r m   t h a t   s u i t a b l e   d e s i g n   a p p r o a c h e s   e x i s t  
t o   a c h i e v e   r e q u i r e d  SPS p e r f o r m a n c e   p a r a m e t e r s   f o r   v a r i o u s   c r i t i c a l  compon- 
e n t s   o f   t h e  PDS. The des ign   approach   t o ,   and   t echno logy   o f ,   t h in   shee t   con -  
d u c t o r s  w i l l  be   demonstrated.   The  switchgear   and  power  processor   uni ts  w i l l  
be   des igned   and   eva lua ted   in  a b readboard   conf igu ra t ion .  The s l i p r i n g /  
brushes  w i l l  be   des igned   and   s ca l e   a s sembl i e s  w i l l  be   eva lua ted .   P lans   and  
d e s i g n s   f o r  a PDS t e c h n o l o g y   b r e a d b o a r d   f a c i l i t y  w i l l  b e   a v a i l a b l e .  

2 . 4 . 3  STRUCTURES AND CONTROL 

The s t r u c t u r a l   b e h a v i o r ,   a t t i t u d e   c o n t r o l ,  and   an tenna   po in t ing  w i l l  
have   an   i n f luence   on   t he   po in t ing  o f  t h e  sa te l l i t e ,  an tenna ,   and   u l t ima te ly ,  
the  microwave beam. The p r e v i o u s   e x p e r i e n c e   i n v o l v i n g  a combinat ion  of  
e l ec t ron ic   and   mechan ica l   sys t ems   has   been   l imi t ed   t o  much smaller systems 
than  SPS. S t r u c t u r a l   a n d   c o n t r o l   s y s t e m s  w i l l  b e  i n t i m a t e l y   c o u p l e d   i n  a 
new reg ime   o f   l ow  loads ,   h igh   i ne r t i a ,   and  low s t r u c t u r a l  mass f r a c t i o n .  
S ince   t he   impac t s  are e c o n o m i c ,   t e c h n i c a l   a n d   s a f e t y   i n   n a t u r e ,  i t  is 
i m p o r t a n t   t h a t   t h e s e  areas o f   u n c e r t a i n i t y   b e   b e t t e r   u n d e r s t o o d .  Terrestrial 
t e s t i n g  o f   t h e   s t r u c t u r e / c o n t r o l   i n t e r a c t i o n s   u n d e r   s i m u l a t e d   s p a c e   c o n d i t i o n s  
is n o t   p o s s i b l e ,   t h e r e b y   n e c e s s i t a t i n g   a n   u n p r e c e d e n t e d   r e l i a n c e   o n   n u m e r i c a l  
s i m u l a t i o n .  

2-19 



System  design  implications and  improved  estimates  of  achievable  perform- 
ance  for  structure  and  control  systems, as  well  as  microwave  power  beam point- 
ing  capabilities,  are  expected.  Structural  dynamic  models  will be  developed 
to  provide  the  analytical  information  needed  for  flight  experiments  through 
simulations  of  structural  interactions  with  control  systems,  inertial  loads, 
and  thermal  stresses  and  distortions.  Identification  of  attitude  control 
policies  and  techniques to minimize  structural  bending  frequency  constraints 
are  expected. The  techniques and  policies  developed  will  provide  the  capabil- 
ity  for  dynamic  and  static  analysis  of  large  structures  with low mass  fractions 
under  modeled  disturbances. 

2.4.4 MATERIALS 

The SPS should  be  designed  for  long  lifetimes  of  approximately 30 years 
for  economic  reasons. The current  understanding  of  Geosynchronous  Earth  Orbit 
(GEO) radiation  effects  on  materials is very  limited  and  related  almost  totally 
to film  material or thermal  control  coatings.  Spacecraft  design  for GEO 
operation  is  limited  to  several  years.  No  data  currently  exist  to  evaluate 
the  GEO  radiation  effects  for  many SPS candidate  materials.  One of the  more 
serious  material  questions  is  that  of  the  degradation  of  the  resin  systems 
if  the  graphite  reinforced  composite  material  is  used.  This  type  of  material 
has  desirable  thermal  characteristics,  but  its  long  term  degradation  character- 
istics  are  unknown.  Long-life  materials  are  also  required  for  other  subsystems 
such as solar  array  reflectors,  thermal  radiators  for  dc  to  RF  converters, 
insulation,  slipring  brushes, etc. 

Specific  structural  and  special  purpose  materials  (reflectors,  thermal 
radiators,  insulation,  brush  material, etc.) will  be  evaluated  before  and 
after  exposure  to  simulated SPS environments  (thermal  cycling,  vacuum,  and 
radiation). Thermal  control  coatings  and  processing  operations  (joining, 
forming, etc.) will  be  analyzed  in  the  experimental  and  analytical  effort. 
Math  models  and  approaches  to  accelerated  testing  will  be  developed  and 
correlated  with  experimental  data to minimize  any  future  testing  requirements. 

The expected  results  include  the  examination  of  selected  materials  be- 
fore  and  after  exposure  to  simulate  space  environments  and  development  of 
degradation  models  for  use  in  design  analysis  calculations.  This  activity 
is  expected  to  provide  the  technical  foundation  needed  to  select  the  more 
stable  specific  materials  for  further  test  and  development. 

2.4.5 CONSTRUCTION AND ASSEMBLY 

Developing  the  capability for  construction  and  assembly  of  very  large 
low-density  structures  in  space  is  an  inherent  requirement  for  the SPS 
program.  The  capability  for  installation of  other  subsystems (e.g.,  solar 
blankets,  reflectors,  power  distribution  lines  and  control  equipment,  micro- 
wave  subarray  hardware, etc.) on the  structure  must  also  be  developed.  New 
approaches  for  ground  facilities  (rectenna)  construction  and  assembly  must 
also  be  studied.  Very  little  applicable  data  currently  exist  for  this  type 
of orbital  and  large  scale  terrestrial  construction  and  assembly.  Test  data 
are  needed  to  validate  operational  requirements  and  cost  estimates. 
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The r e l a t i v e l y   h i g h   c o s t  of f l i g h t   t e s t i n g   r e q u i r e s   a c c o m p l i s h i n g  as much 
development as p o s s i b l e   o n   t h e   g r o u n d .   E n g i n e e r i n g   e v a l u a t i o n   o f  much o f   t h e  
c r i t i c a l  beam bui lder   des ign   can   be   accompl ished   wi th   g round tests u s i n g  a 
1-g beam b u i l d e r   c o n f i g u r a t i o n ,   s p e c i a l   h a n d l i n g   f i x t u r e s ,   a n  a i r  b e a r i n g  
f l o o r ,   a n d  a water immers ion   f ac i l i t y .   The  beam bu i lde r   deve lopmen t  a r t ic le  
is r e q u i r e d   t o   f a b r i c a t e  a l o n g ,   c o n t i n u o u s   s t r u c t u r a l   t r u s s ,   a l l o w i n g   t h e  
e v a l u a t i o n   o f   p r e p r o c e s s e d  materials packaging  and  dispensing;   cap  forming 
w i t h   h e a t i n g ,   s h a p i n g ,   a n d   c o o l i n g ;   s y n c h r o n i z a t i o n   a n d   c o n t r o l   o f   t h e   t r u s s  
e l emen t s ;   componen t   hand l ing   and   j o in ing ;   and   nondes t ruc t ive   qua l i t y   con t ro l  
v e r i f i c a t i o n .  Deve lopmen t   o f   eng inee r ing   and   ope ra t iona l   t echn iques   fo r  
a s s e m b l i n g   m o r e   t h a n   o n e   t r u s s   t o g e t h e r   t o  make a l a r g e r   s t r u c t u r a l   c o n f i g u r a -  
t i on   can   a l so   be   accompl i shed   and   s imula t ed .   Jo in t   des ign   and   j o in ing   ope ra -  
t i ons   can   be   eva lua ted   t oge the r   w i th   hand l ing   and   a s sembly   suppor t   equ ipmen t .  
These  development tests w i l l  r e s u l t   i n   t h e   e n g i n e e r i n g   v e r i f i c a t i o n   o f  a  beam 
b u i l d e r   a n d   a s s o c i a t e d   a s s e m b l y   o p e r a t i o n s   w i t h   s u f f i c i e n t   c o n f i d e n c e   l e v e l   t o  
p r o c e e d   t o  a f l i g h t   v e r i f i c a t i o n   e x p e r i m e n t .  

Ground   deve lopmen t   o f   a s sembly   t echn iques   fo r   o the r   t han   s t ruc tu ra l  com- 
ponents  w i l l  b e   i n i t i a t e d .   T e c h n i q u e s   f o r   a t t a c h i n g   h a r d w a r e ,   s u c h   a s   s o l a r  
b l a n k e t s ,   r e f l e c t o r s ,  power d i s t r i b u t i o n   l i n e s ,   t h r u s t e r s ,  and  microwave com- 
ponents  w i l l  b e  pu r sued .   The   deve lopmen t   o f   e l ec t r i ca l   connec to r s   su i t ab le  
f o r   o r b i t a l   a s s e m b l y   o p e r a t i o n s  w i l l  b e   i n i t i a t e d .  

Advanced  automation  techniques w i l l  b e   s t u d i e d   t o   d e t e r m i n e  more  optimum 
a p p r o a c h e s   f o r   t h e   o r b i t a l   a s s e m b l y   o f  SPS. T h e s e   a r e a s   i n c l u d e :   d e s i g n  
s t u d i e s   o f   s y s t e m s   f o r   a d v a n c e d   a u t o m a t i o n   o f   s p a c e   s t r u c t u r a l   c o n s t r u c t i o n  
and  assembly,   programmable  manipulators   and  terminal   sensors ,   autonomous 
cons t ruc t ion ’ sys t ems ,   mach ine   v i s ion   and   r ecogn i t ion ,   au tonomous   t r ans fe r  
sys t ems ,   and   o the r s   t o   be   de f ined .  

Cons t ruc t ion   and   au tomat ion   techniques  w i l l  b e   s t u d i e d   f o r   a p p l i c a t i o n   t o  
r e c t e n n a   c o n s t r u c t i o n .   C o n c e p t s  w i l l  be   deve loped   and   ana lyzed   wi th   cos t ing  
p a r a m e t e r s   f o r   i n c l u s i o n   i n   c o s   r i n g   m o d e l s .  

2.4.6 TRANSPORTATION TECHNOLOGY 

One o f   t he   key   e l emen t s   o f   t he  SPS concept  i s  t h e   t r a n s p o r t a t i o n   s y s t e m  
s i n c e   t h e   l a r g e   d e m o n s t r a t i o n   a r t i c l e s  and   ope ra t iona l  sa te l l i t es  must  be 
assembled   and   opera ted   in  space. F o r   t h e  SPS t o   b e   v i a b l e ,   t h e   t r a n s p o r t a t i o n  
sys tem  must   be   o f   h igh   per formance ,   re la t ive ly   low  cos t ,   and   envi ronmenta l ly  
a c c e p t a b l e .  The t e c h n i c a l   a p p r o a c h   i n c l u d e s   i n v e s t i g a t i o n s   i n t o   t h e   f o l l o w -  
i n g  areas. 

Booster  Engine  Technology 

The b o o s t e r   e n g i n e   t e c h n o l o g y  w i l l  f ocus   on   fou r   p r imary   a r eas :  

Fuels   Study.   Various  LOX/hydrocarbon  propel lants  w i l l  b e   s t u d i e d   f o r  
a p p l i c a b i l i t y   t o   t h e  PLV and HLLV. 

Engine Component   Technology.   The   des ign   and   tes t ing   o f   cos t   e f fec t ive  
engine  components w i l l  b e   i n v e s t i g a t e d .   D e s i g n   o p t i o n s  w i l l  be   s tud ied   which  

2-21 



include  gimbal  techniques,  throttling  concepts,  sensitivity to particulate 
contamination in propellants,  and  modular  component  designs. 

Engine  Operational  Improvement.  Perform  bench  tests  of  engine  compon- 
ents or modules  to  provide  engine  operational  improvements  in  acoustic  and 
propellant  emissions,  lifetime  characteristics,  and  repairjmaintenance  con- 
cepts. 

Preliminary  Engine  System  Design.  Employ  results  from  the  research  and 
technology  efforts  to  provide  engine  design,  performance  and  operational  data 
in  support  of  the PLV and  HLLV  definition. 

Electric  Propulsion  Technology 

The electric  propulsion  technology  will  focus  on  three  primary  areas. 

Thruster  Development.  The  feasibility  of  large  ion  thrusters  using 
argon  will  be  developed.  Characteristics  of  suitable SPS electrical  thrusters 
will  be  established  including  thrust  level,  specific  impulse,  specific  power, 
heat  rejection  requirements,  total  thrusting  lifetime,  and  number  of  engine 
starts.  Materials,  engine  electrical,  thermal-structural  and  fluid-handling 
component  development  test  will  be  conducted. 

Power  Conditioning  Development.  Static  and  dynamic  breadboard  and  brass- 
board.  tests  of  conceptual  designs  for  transforming  solar  array  electrical 
output  into  the  numerous  regulated  voltages  necessary  for  the  operation  of 
ion  bombardment  electric  propulsion  systems  will  be  conducted. The  weight 
efficiency  and  unit  cost of the  flight  design  power  conditioning  apparatus 
will  be  confirmed. 

Environmental  Interactions.  Basic  research  investigations  of  the  inter- 
actions  of  internal  and  external  current  flows  will  be  performed  with  simulated 
natural  space  and  plasma  environments  and  various  dielectric  geometries. 

Vehicle  Technology 

Preliminary  design  studies  will  be  conducted to define the  technology 
required  for large,  fully  reusable  launch  vehicle  systems  with  particular 
emphasis on  multiuse  thermal  protection  systems,  propulsion  systems,  structures1 
materials,  aerothermal,  design, and  integrated propulsion/configuration design. 

Orbital  Storage  and  Transfer  of  Propellants 

The  feasibility  of  the  storage  and  transfer  of  cryogenic  propellants  on- 
orbit will  be  established. 

2 . 4 . 7  FLIGHT  EXPERIMENTS AND PROJECT  DEFINITION 

A basic  development  concept  embodied  in  this  plan  is  that  most  of  the 
Key  Technology  Program,  in  support  of  key  issue  resolution,  can  be  accomplished 
through  comprehensive  analysis,  and  ground  experimentation  and  development. 
There is, however,  a  requirement  for  component  level  orbital  verification 
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t e s t i n g   t o   a d d r e s s   i s s u e s   t h a t   c o u l d   n o t   o t h e r w i s e   b e   r e s o l v e d .  The e x c l u s i o n  
o f   t h e s e   f l i g h t   e x p e r i m e n t s   w o u l d   n o t   o n l y   j e o p a r d i z e   t h e   c r e d i b i l i t y   o f  SPS 
b u t   c o u l d   i n   t h e   l o n g   r u n   r e q u i r e   g r e a t e r   f u n d i n g  for SPS development .   In  
a d d i t i o n   t o   a n a l y s i s ,   g r o u n d  tests, and  component level f l i g h t  tests, some 
s y s t e m - l e v e l   o r b i t a l  tests w i l l  b e   n e c e s s a r y   f o r   a d e q u a t e   d e m o n s t r a t i o n   o f  
SPS c o n c e p t   f e a s i b i l i t y .  The  complexi ty   of   these tests is s u c h   t h a t   d e t a i l e d  
d e f i n i t i o n  a n d   p l a n n i n g   m u s t   b e   i n i t i a t e d   e a r l y   i n   t h e  Key Technology  Program 
t o   a s s u r e  test r e s u l t s  by 1990. 

W i t h   r e g a r d   t o   e a r l y   S h u t t l e   o r b i t a l  tests t h e   o b j e c t i v e s   a n d   r e q u i r e -  
ments  of  each  experiment w i l l  b e   d e f i n e d   i n   d e t a i l .   S h u t t l e   i n t e r f a c e s   a n d  
o t h e r   o r b i t a l   s u p p o r t   r e q u i r e m e n t s  w i l l  b e   d e f i n e d .   . R e l a t i o n s h i p s   t o   o t h e r  
experiments  w i l l  be   examined   fo r   poss ib l e  common suppor t   requi rements .   Des igns  
w i l l  be   deve loped .   F l igh t  test hardware w i l l  b e   f a b r i c a t e d   i f   p r e c u r s o r   g r o u n d  
test  a r t i c l e s   canno t   be   u sed ;   where   poss ib l e ,   g round  test hardware w i l l  be 
d e s i g n e d   t o   n e e t   f l i g h t   r e q u i r e m e n t s .   F l i g h t  tests w i l l  b e   c a r r i e d   o u t .   T h i s  
t a s k  w i l l  i n c l u d e   t h e   f o l l o w i n g   e x p e r i m e n t s :  

M a t e r i a l s  Test - E x p o s e   c a n d i d a t e   m a t e r i a l s   t o   t h e   u l t r a v i o l e t ,  
p a r t i c u l a t e   r a d i a t i o n ,   a n d   p l a s m a   e n v i r o n m e n t   o f  GEO. 

Construct ion  and  Assembly - O r b i t a l   c o n s t r u c t i o n  and  assembly 
d e m o n s t r a t i o n   w h i c h   i n c l u d e s   f a b r i c a t i o n   o f  beam e lements ,   handl ing  
o f   s t r u c t u r a l  members,  and  assembly  of a small d e m o n s t r a t i o n   a r t i c l e .  

Microwave  Component T e s t  - Operat ional   exposure  of   microwave compon- 
e n t s   t o   t h e  LEO envi ronment   to   de te rmine   the   impact   on   per formance  
c h a r a c t e r i s t i c s .  

The f l i g h t   p r o j e c t s   d e f i n i t i o n   t a s k  w i l l  p r o d u c e   d e t a i l e d   d e f i n i t i o n   a n d  
p l a n n i n g   f o r  SPS f l i g h t   p r o j e c t s  which a r e   t o  b e  accompl ished   dur ing   the  
1986-90 p e r i o d .   L e v e l   o f   d e f i n i t i o n  w i l l  be  through  Phase B s t u d i e s .  

The o b j e c t i v e s   a n d   r e q u i r e m e n t s   o f   e a c h   p r o j e c t  w i l l  b e   d e f i n e d   i n   d e t a i l .  
P re l imina ry   pay load   des igns  w i l l  b e   d e v e l o p e d .   S h u t t l e   i n t e r f a c e s  w i l l  b e  
d e f i n e d .   R e q u i r e m e n t s   f o r   o t h e r   o r b i t a l   s u p p o r t   f a c i l i t i e s  w i l l  b e   i d e n t i f i e d  
a n d   p r e l i m i n a r y   d e s i g n s   f o r   t h e s e   f a c i l i t i e s   d e v e l o p e d .   C o s t s   a n d   s c h e d u l e s  
w i l l  b e   d e f i n e d   f o r   e a c h   p r o j e c t   a n d   f o r   a n y   r e q u i r e d   o r b i t a l   s u p p o r t  
f a c i l i t i e s .  The f o l l o w i n g   p o t e n t i a l   p r o j e c t s  are inc luded:  

a Construction  and  Assembly - F a b r i c a t i o n   i n   o r b i t   o f  a l a r g e   s t r u c t u r e ,  
r e q u i r i n g   o r b i t a l   m a n u f a c t u r i n g ,   a n d   a s s e m b l y   o f   l a r g e ,   l i g h t w e i g h t  
s t r u c t u r a l  members  and  attachment  of  subsystem  elements.  

LEO I n t e g r a t e d  Microwave Tests - A LEO demonstrat ion  of   microwave 
subsys t e m .  

GEO Inverted  Microwave  Transmission - T e s t  a r t i c l e  i n  GEO which 
i n c l u d e s   p i l o t  beam t r a n s m i s s i o n   f r o m   t h e  s a t e l l i t e  to   g round   wh i l e  
receiving  microwave  energy  f rom a ground  based  microwave  array,  

e S o l a r   A r r a y  - I n t e g r a t e d   s o l a r   a r r a y   a n d  power d i s t r i b u t i o n   s y s t e m  
test  wh ich   cou ld   be   i nc luded   i n   t he   above   p ro j ec t s .  

I 
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2.4.8 KEY TECHNOLOGY PIAN COSTS 

A top level sumary of the development  activities and funding  require- 
ments  covered  in  the  plan  are  presented  in  Figure 2.4-1. The technology 
development  activities  which are to be  initiated  in 1981 and their  associated 
funding  requirements  are  summarized in the Table 2.4-1. 
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F i g u r e  2.4-1. Key Technology  Program Summary 
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Table 2.4-1.  Key Technology  Program - 1981 S t a r t s  

FUND I NG 
KEY TECHNOLOGY  (THOUSANDS OF 1978 DOLLARS) 

SOLAR A R M Y  2000 

trAlAs CELL  DEVELOPMENT 
S I L I C O N   C E L L  DEVELOPMENT 
ASSESSMENT  OF ALL  CANDIDATE  CELLS 

POWER D I S T R I B U T I O N  

Cf f lPUTER  S IMULATION TO I D E N T I F Y  POWER 

DESIGN OF POWER CONDUCTORS 
D I S T R I B U T I O N  SUBSYSTEM  REQUIREHENTS 

SPACECRAFT  CHARGING  SIMULATION 

STRUCTURES M D  CONTROL 

ASSESSMENT  TO  IDENTIFY  CONSTRAINTS 
CONTROL P O L I C I E S  AND  TECHNIQUES  DEVELOPMENT 

M T E R I A L S  

CANDIDATE  MATERIAL  SELECTION AND GROUND 
TEST I NG 

CONSTRUCTION  AH0  ASSEflBLY 

GROUND S I M U L A T I O N S  
SPS BEN4 B U I L D E R  TECHNOLOGY  DEVELOPMENT 

TWU(SP0RTATION 

BOOSTER  ENGINE  TECHNOLOGY 
ELECTRIC  THRUSTER TECHNOLOGY 

FL IGHT  EXPERIMENTS 

REQUIREMENTS/PRELIMlNARY D E F I N I T I O N  

F L I G H T   P R O J E C T   D E F I N I T I O N  

TOTAL 

400 

zoo 

700 

800 

zoo0 

800 

71 DO 

2-25 



2.5 ORBITAL TEST  VERIFICATION  PHASE 

An essential  requirement  exists  for  major  SPS  subsystem  test  and  evalua- 
tion  at  LEO  and  geosynchronous  altitude  late  in  the 1980's. Current NASA 
planning  projects  a  major SPS subscale  test  article  for  LEO-to-LEO  microwave 
testing.  This  same  test  platform  can  be  boosted  via  electric  propulsion  to 
GEO to serve as an  SPS  multitest  platform  in  both  a  GEO-to-ground  and  ground- 
to  GEO  mode  (functioning  as  an  inverted  test  range  with  the  addition  of  pilot 
beam  electronics). 

2.5.1  SPS TEST  PLATFORM  EVOLUTION 

It  appears  likely  that  SPS  orbital  test  requirements  and  test  system  de- 
finition  will  have to  be  satisfied  through  the  evolutionary  utilization  of 
NASA  large  structure  space  projects  that  evolve  and  are  funded.  Requirements 
for  multimission  applicability,  construction  modularity,  and  a  broad  range  of 
power,  size, and mass options,.  which  include  SPS  test  verification  objectives, 
will  need  to be  evaluated  and  synthesized.  The  degree  to  which SPS technical 
issues  are  resolved  will  be  a  function  of  the  commonality  between  developments 
in  large  space  structures/large  power  modules  (LSS/LPM)  and  the  characteristics 
of the  final  SPS  system. 

The  configuration  of  the  proposed  large  space  power  platform  can  be  con- 
sidered  indeterminate  at  this  point in  time  and  will  emerge  as  a  product  of 
the  Large  Space  Structures  technology  program  and/or  the  SEP/PEP/OSM  power 
module  development  thrust as  shown  in  Figure 2.5-1. 

This  large  orbital  power  platform  can  be  effectively  utilized  for  SPS 
orbital  verification  testing  in  both  LEO  and  GEO.  The  early  development of 
GaAs-CR2  solar  array  technology  is  a  key  determinant  in  the  definition  of  the 
orbital  test  platf o m .  

Figure  2.5-2  summarizes  the  possible  evolution  of  the SPS multi-test  plat- 
form.  Two  developmental  paths  reflect (1) a  high-legacy  large  orbital  test 
system  and (2) an  alternative  low-cost  geosat  system  for  early  environmental 
and  inverted  test  range  evaluations.  Both  silicon  and  GaAs  solar  array  options 
could  be  available  to  space  system  developments. 

Figure 2.5-3  summarizes  the  principal  system  characteristics  that  could 
be  achievable  for  LSSP  and  SEP/PEP  derivatives of  an  SPS  orbital  development 
test  article.  With  respect  to  the  extent  to  which  these  development  options 
satisfy  initial  verification  objectives  of  SPS  technology,  the  issues  involve 
the  following : 

a Beam  machine  space  fabrication-versus  deployable/erectable 
construction 

a Silicon  solar  arrays  versus  GaAs  solar  arrays  versus  hybrid 
array  comb  inat  ions 

8 Capability  for  both  LEO  and  GEO  test  operations 
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Figure 2 . 5 - 1 .  SPS Technology Advancement Plan 



1 SPS ORBITAL 
TEST ARTICLE 

INVERTED 
TEST RANGE 

Figure 2.5-2. SPS  Multi-Test  Platform  Evolution 

LSSP DERIVATIVE 
SEPIPEPiOSM  DERIVATIVE 

POWER CONVERSION 

POWER DISTRIBUTION 

STRUCTURE 

POWER TRANSMISSION 

DEGREE OF SPS 
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PROBABILITY  OF EARLY 
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-/ COULD BE ALL G o b  OR HYBRID 

-/ DESIGN  OPTIMIZED  FOR  LEO & 
GEO HI-VOLTAGE  OPERATION 
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FABRICATIOWJOININO 
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Figure 2.5-3. SPS Test Platform Comparative  Characteristics 

2-28 



An SPS test a r t ic le  e v o l v i n g   o u t  of t h e   l a r g e   s p a c e   s t r u c t u r e s   p r o g r a m  
w i t h  beam mach ine   cons t ruc t ion  is  l i k e l y   t o   p r o v i d e   t h e   h i g h e s t   d e g r e e   o f  
SPS t e c h n o l o g y   v e r i f i c a t i o n   f o r   s u b s y s t e m s   o t h e r   t h a n   t h e  MPTS. I f   t h e  SPS 
system i s  b a s e l i n e d   f o r  GaAs s o l a r  cells , the LSSP d e r i v a t i v e   a g a i n   p r o v i d e s  
t h e   b e s t   t e c h n o l o g y   v e r i f i c a t i o n   r e s u l t s   i f  an i n t e n s i v e  GaAs s o l a r   a r r a y  
development  program i s  i n i t i a t e d   b y  FY 1980. C h a r a c t e r i s t i c 9  of the   micro-  
wave power a m p l i f i e r  w i l l  be   de t e rmined   du r ing   t he   mic rowave   exp lo ra to ry  
research  program  and w i l l  d r i v e   t h e   m i c r o w a v e   a n t e n n a   d e s i g n   c o n f i g u r a t i o n .  

A mandatory  development   requirement   for  SPS t e c h n o l o g y   v e r i f i c a t i o n ,  
l e a d i n g   t o   t e c h n i c a l   r e a d i n e s s  by 1990,  i s  the   need   fo r   geosynchronous  
e n v i r o n m e n t a l   t e s t i n g   o f   i n t e g r a t e d ,   p r o t o t y p i c a l  SPS subsys tems.   This  
r equ i r emen t   can   be   s a t i s f i ed   by   t r ans fe r r ing   t he   p roposed  LEO s u b s c a l e  test 
a r t i c l e  t o  GEO by a s e l f - c o n t a i n e d  e lec t r ic  p ropu l s ion   sys t em,   t o   be   u sed  as 
t h e  t es t  v e h i c l e   f o r   v e r i f i c a t i o n  o f   t h e   s o l a r   a r r a y ,  power d i s t r i b u t i o n ,   a n d  
c o n t r o l   s u b s y s t e m s .   T h i s   o f f e r s   t h e   o p p o r t u n i t y   t o   p e r f o r m   i n t e g r a t e d  LEO 
tes t s ,  o r b i t   t r a n s f e r   r a d i a t i o n   d e g r a d a t i o n   e v a l u a t i o n s   o f   s o l a r   c e l l s   a n d  
r e f l e c t o r s ,  and   l ong-dura t ion   ope ra t iona l  tests of s o l a r   a r r a y   a n d  power  con- 
v e r s i o n s ,   d i s t r i b u t i o n ,   a n d   c o n t r o l  as a s y s t e m   s u p p l y i n g   t h e   m u l t i p l e  re- 
q u i r e d   v o l t a g e s  a t  t h e   k l y s t r o n s .  An a d d i t i o n a l   b e n e f i t   f r o m   t h i s   a p p r o a c h  
i s  t h e   f l e x i b i l i t y  o f  p a y l o a d   r e t u r n   t o   e a r t h .  

2.5.2 SPS LEO/GEO MULTI-TEST  PLATFORM CONCEPT 

A r e p r e s e n t a t i v e   L a r g e   S p a c e   S t r u c t u r e s   P r o g r a m   d e r i v a t i v e   o f   a n   o p t i m i z e d  
o r b i t a l  t es t  a r t i c l e  w i t h   h i g h  SPS l egacy   has   been   concep tua l i zed  as shown i n  
F i g u r e  2.5-4. This c o n f i g u r a t i o n  w a s  deve loped   t o  meet t h e   f o l l o w i n g   r e q u i r e -  
men ts . 

TECHNOLOGY  VERIFICATION  ELEMENTS 

II BASIC COMPOSITE B E A M  ELEMENT - ABB 
TRIBEAM CONSTRUCTION - JOINTS 
MODULAR  OTEP  ELEClRlC  PROPULSION 

$F”% 0 MODULAR  DOCKING PORTS FOR  MICROWAVE 

Lhx5-.. SIL ICON CAPABILITY 

A N T E N N A  - PILOT  BEAM  TRANSMITTER 
MODULAR  PROTOTYPICAL  ROTARY  JOINTS 
Gah-CR2  FOLD-OUT  SOLAR ARRAYS/HYBRID 

SHUTTLE-TENDED  (LEO) - RECOVERABLE 

0 CONVERTABLE  TO  OTHER  MISSIONS 
A N D  REFURBISHABLE 

F i g u r e  2.5-4. SPS LEO/GEO M u l t i - T e s t  Platform 
(High SPS L e g a c y )  
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1. Tr ibeam  cons t ruc t ion ,   us ing   space   fabr ica ted   composi te   beams.  

2.  S o l a r  electric p r o p u l s i o n   s y s t e m   f o r  later a s c e n t   t o   h i g h e r   e a r t h  
o r b i t .  

3 .  Microwave  antenna  with  adequate   power  to   perform SPS F l i g h t  Demon- 
s t r a t i o n  o f   i n - space   t r ansmiss ion ,   t o  test:  

a )  Wave l o b e   q u a l i t y  a t  16.5 km 
b) Maximum h e a t i n g   c o n d i t i o n  

4.   Antenna  to   be  powered  by  e i ther  CR-1 s t a n d a r d   s i l i c o n  SEPS a r r a y  
b l anke t s   o r   advanced   t echno logy   s t anda rd ized  G A S  CR-2 f o l d o u t   a r r a y  
b l a n k e t s .  

5 .  Low e a r t h   o r b i t   c o n s t r u c t i o n ,   u s i n g   S h u t t l e   o r b i t e r .  

6. SPS test t o   b e   c o n d u c t e d   i n i t i a l l y   i n   l o w   e a r t h   o r b i t ,   t h e n   t r a n s -  
f e r r e d   t o  GEO. 

7 .  C a p a b i l i t y   f o r   c o n v e r s i o n   t o   d i s t r i b u t e d   c h e m i c a l   t h r u s t e r s   o r   t o  
i n t e r i m   u p p e r   s t a g e   ( c o n c e n t r a t e d )   p r o p u l s i o n   s y s t e m .  

8. D e s i g n   f o r   l e g a c y ,   a p p l i c a b i l i t y   i n   n a t i o n a l   s p a c e   p r o g r a m .  

T h e   p r o p o s e d   t e s t   a r t i c l e   c a n   b e   c o n s t r u c t e d   i n  LEO w i t h  less t h a n  5 S h u t t l e  
f l i g h t s .  

-The b a s i c   t r i b e a m   s t r u c t u r e   d e t a i l  i s  shown i n   F i g u r e  2 . 5 - 5 .  The  concept 
d e s i g n   l o g i s  is summarized  below: 

F e a t u r e  

Tr ibeam  Conf igura t ion  

Over Hang Cross  Beams f o r  
a t t a c h i n g   S o l a r   B l a n k e t s  

S ize   o f   Tr ibeam vs Cross  
Beam f o r   S o l a r   A r r a y  

a 20 meter wide  major 

a 4 .3   me te r   t r i beam  l egs  
a A l a rge   va r i e ty   o f   me thods  

and  equipment  can  be  used 
t o   b u i l d   c a n d i d a t e s   ( s i z e  
a l o n e   d o e s   n o t   d i c t a t e )  

c r o s s  beams 

Reason/Basis  

a Legacy f o r  SPS, o t h e r   l a r g e   t r i b e a m  con- 
c e p t s  

a J o i n i n g  
a Handling 
a Wiring 
a End F i t t i n g s  
a C o n s t r u c t i o n   F i x t u r e   o n   O r b i t e r  
a A p p l i c a b i l i t y  - Does  Job 

a Reduces   weight   o f   t r ibeam  s t ruc ture  
a Not n e c e s s a r y   t h a t  a l l  c r o s s  beams be 

same l e n g t h  

a Mul t ip l e s   o f   Gene ra l  Dynamics  composite 

a Trade:   Weight   and  column  s t rength  for  

a Compat ib le   wi th  RMS r e a c h   f r o m   O r b i t e r  (50')  
a 20m wid th   pe rmi t s  200m l e n g t h   f o r   f a v o r a b l e  

a c c e s s   r a t i o  
a 2Chn w i d t h   c o m p a t i b l e   w i t h   f i v e ,  4m wide 

s o l a r   b l a n k e t s   ( p e r   s t a n d a r d  SEPS S o l a r  
Array)  

beam bay   spac ing  

p o t e n t i a l   g r o w t h  
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F e a t u r e  

0 RCS Pods   Loca t ion  

ReasonIBasis  

0 P r o v i d e s   l a r g e  moment, m i n i m i z e s   t h r u s t ,  

0 C o r n e r s   o f   s o l a r   a r r a y  
0 Ends  of  major  cross  beams 

f u e l   w e i g h t  

w h i l e   u t i l i z i n g   a v a i l a b l e   s t r u c t u r e  
0 Minimizes   plume  impingement   on  solar   array,  

0 F a c i l i t a t e s   r e t r o f i t   f o r  la ter  purposes  

Modular   docking   provis ions  are i l l u s t r a t e d   i n   F i g u r e  2.5-6  and  include 
t h r e e   d o c k i n g   p o r t s  as descr ibed  below: 

F e a t u r e  

0 Docking   Por t s  

ReasonIBasis  

O r b i t e r   r e v i s i t :  
L o c a t i o n   n e a r   a n t e n n a  0 Near t o   v e h i c l e  C . G .  
on   r i dge   o f   t r i beam 0 C l o s e   t o  area o f   e x p e c t e d   m a j o r   r e t r o f i t  
o p p o s i t e   s o l a r   a r r a y   ( a n t e n n a ,  SEPS) 

0 Compat ib le   wi th   use   o f   cons t ruc t ion  
f i x t u r e  

Between s l i p r i n g / r o t a r y  0 S l i p r i n g / r o t a r y   j o i n t  is  major  mass/volume 
j o i n t  and s o l a r   a r r a y .  i t e m ,  p robably   b rought  up on l a t e r  f l i g h t  
Both  ends  of   t r ibeam 0 F a c i l i t a t e s   r e t r o f i t  or replacement  of 

mechan ica l   dev ices ,  SEPS t h r u s t e r s ,   a n t e n n a  
packages 

axis o f   veh ic l e .  
0 Docking   por t s   a l igned   wi th   major  mass 

Between  antenna  and SEPS 0 F a c i l i t a t e s   r e t r o f i t  o f   an t enna / senso r  
t h r u s t e r / s l i p r i n g   r o t a r y  fo l lowing  SPS t e s t  phase 
j o i n t  0 Antenna is m a j o r ,   m a s s i v e   i n s t a l l a t i o n ,  

probably  on l a te r  S h u t t l e   f l i g h t  

D e s i g n   c h a r a c t e r i s t i c s  of the   p roposed  SPS test  a r t i c l e  microwave  antenna 
are shown i n   F i g u r e  2.5-7.  The a n t e n n a   c o n s i s t s   o f  a 9m X 9m the rma l  test sub- 
a r r ay   and  a 44m l o n g   l i n e a r   p h a s e   c o n t r o l   a r r a y .  The  antenna i s  d e s i g n e d   t o  
f i t   i n t o   t h e   S h u t t l e   c a r g o   b a y   a n d   b e   d e p l o y e d   i n  LEO as shown i n   F i g u r e  2.5-8. 
The t o t a l   a r r a y   u t i l i z e s  279 1-kW power a m p l i f i e r s .  The r o t a r y   j o i n t   a n d   d c / d c  
conve r t e r   subsys t ems  are i n t e g r a l   w i t h   t h e   a n t e n n a .  

2.5.3 SPS GEOSAT  PLATFORM  OPTION 

There are compe t ing   op t ions   fo r  GEO u t i l i z a t i o n   o f   t h e   p r o p o s e d  LEO l a r g e  
power p l a t f o r m  as shown i n   F i g u r e  2.5-9.  The b i l l i o n   d o l l a r   i n v e s t m e n t   r e q u i r -  
ed f o r  a l a r g e   s p a c e  power p l a t f o r m  w i l l  p r e c l u d e   m u l t i p l e   v e h i c l e s   a n d   d r i v e  
s p a c e   f a c i l i t y   u t i l i z a t i o n   t o w a r d  optimum LEO a p p l i c a t i o n s   f o r   s p a c e   p o w e r ,  
c o n s t r u c t i o n   s u p p o r t   a n d   s p a c e   i n d u s t r i a l i z a t i o n   p r o j e c t s .  

I f   t h e   l a r g e   s p a c e  power p l a t f o r m  w i l l  n o t   b e   a v a i l a b l e   f o r   g e o s y n c h r o n o u s  
service, a n   a l t e r n a t e  SPS o p t i o n  is u t i l i z a t i o n   o f  a minimum-cost GEO m u l t i - t e s t  
s a t e l l i t e .  This geosat  system  would  be a s i n g l e   w i n g   e l e m e n t   o f   t h e   l a r g e  power 
module  with a power level o f   abou t  100 kW and  would  perform as the  geosynchron-  
ous   e l emen t   o f   t he   g round   t o  GEO i n v e r t e d  test  r ange .  . 
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Figure 2.5-8. Microwave Antenna Deployment 
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Figure 2.5-9. SPS GEO Test Plat form Options 

A GaAs s o l a r   a r r a y   v e r s i o n   o f  a low-cost SPS g e o s a t   s p a c e c r a f t  is 
shown i n   F i g u r e  2.5-10. It can  be a d e r i v a t i v e   o f   t h e  SEPS/OTV v e h i c l e  
e i t h e r  as a ded ica t ed   mod i f i ed   sys t em or a s  a h y b r i d   s y s t e m   u s i n g  a s t a n d a r d  
SEPS bus   wi th  a d e d i c a t e d  SPS mul t i - t e s t   pay load   fo r   geosynchronous   env i ron -  
m e n t a l   t e s t s  and   inver ted   range   microwave   phase   cont ro l   demonst ra t ions .  

This   proposed GEO mul t i - t e s t   p l a t fo rm  wou ld   func t ion  as the  geosynchron-  
ous  element  of a ground-to-GE0 inverted  microwave test r a n g e ,  as shown i n  
F igure  2.5-11. A ground-based ,   one -k i lome te r   l i nea r   t r ansmi t t i ng   an tenna ,  
one  power  module i n   w i d t h ,  i s  p r o p o s e d   f o r   f u l l - s c a l e   p h a s e   c o n t r o l   t e s t i n g .  
F u l l - s c a l e   a p e r t u r e   t e s t i n g  i s  r e q u i r e d   t o   v e r i f y   p h a s e   c o n t r o l   l i n e a r i t y  
a n d   a r r a y   p e r f o r m a n c e   p r i o r   t o  commitment   of   major   space  antenna  construct ion 
e f f o r t .  The p i l o t - b e a m   e l e m e n t   o f   t h e   o r b i t a l   s y s t e m   i l l u m i n a t e s   t h e   g r o u n d  
a n t e n n a   l i n e a r   a r r a y   w h e r e   t h e  beam is r e c e i v e d  by t h e   l i n e   s o u r c e   r e t r o -  
e l e c t r o n i c s   w h i c h ,   i n   t u r n ,   p h a s e   t h e   l i n e   s o u r c e   t o   r e t u r n  i t s  beam t o  t h e  
s a t e l l i t e .  The beam is a f a n  beam s i n c e   t h e   l i n e   s o u r c e   a p e r t u r e  is a f u l l -  
s c a l e ,   o n e   k i l o m e t e r   i n   t h e   e a s t - w e s t   d i r e c t i o n ,   b u t   o n l y   o n e  power  module 
wide ( 1 m) i n   t h e   n o r t h - s o u t h   d i r e c t i o n .  A beam-mapping piggyback  sub- 
s a t e l l i t e  o p e r a t e s   i n  a f r e e - f l y i n g  mode and   probes   the  beam p a t t e r n  by 
c o n t r o l l e d   d r i f t i n g  i n  a n  east-west p a t t e r n .  

Q 
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F i g u r e  2.5-10. Low-Cost S P S  GEO M u l t i - T e s t   S y s t e m  

-. -. ' - - 
G R O U N D   R A D I A T I O N  
I-KM LINEAR  ARRAY 

TEST FACILITY ,I : 
..: 

_.- . , - _  ,A', -.: 7 

O B J C C l l V C I  

T E S T  PtRFCRMArICE C F  RCTROfLECTROr4lCS 

DETERh*I1*rE h~Ar4JFICTURINC  TOLERANCES 

DETfPMINE ATMOSPHLRE EFFECTS 

POWER DENSITY  PPOFILE  MLASUREMENTS 
TEST EFFECT OF T P 4 N S I f N T S  

USING FIF lAL  APtPTURf 

FOR RETROfLCCTROIIICS 

CRTF  CH4RACTEPISlICS 

.GROUND A N T E N N A  INSTALLATION 

/ONE POVIER MODULE LVlDE RADIATES 50 W J  

~ I - K M  EAST- EST LINE SOURCE S I Z E  

/PROTO MODULAR MPTS ELEMENTS/PH,W CONTROL 

SPS ORBITAL  MULTI-TEST  PLATFORM 
4INTEGRATED  GEOSYNC  ORBITAL TEST SYSTEM 
*/SYSTEM  ELEMENTS 

*PROTO 500-W PILOT  BEAM 
B E A M  MAPPER  SUBSATELLITE 

*MODULAR  SOLAR  ARRAYS 
*SCALED POWER CONVERSION  -POWER 

*€OW PSOPULSION  SYSTEM  FOR 

.MPTS SUBSYSTEM TEST ELEMENTS 

- 
DISTRIBUTION SUBSYSTEMS 

ORBITAL TRANSFER d RETURN 

F i g u r e  2.5-11. SPS GEO M u l t i - T e s t   P l a t f o r m  - I n v e r t e d   T e s t  Range 

2-35 





I 

3.0 P I L O T   P L A N T   D E M O N S T R A T I O N   P H A S E  

Completion  of  the SPS Technology  Advancement  phase  of SPS development  by 
1990 will  provide  the  technical  confidence to  proceed with  the  full-scale 
pilot-plant  demonstration  phase. The primary  objective  of  this  development 
phase  is to demonstrate  commercial  viability  of  the SPS system to  those 
utility  firms  and  consortiums  that  would  ultimately  capitalize  and  operate 
the  production  system.  The  proposed  pilot-plant  demonstration  program,  as 
shown  in  Figure 3.0-1, reflects  in  general  the  t'precursor't  demonstration 
concept  proposed  as  the  most  cost-effective  approach  to  demonstration  of 
large-scale  pilot-plant  commercial  end-to-end  performance. 

3.1 PILOT  PLANT  CONSTRUCTION  SCENARIO 

The  precursor  satellite  would  be  constructed  in  LEO,  by  using  Shuttle- 
derived  mass  transfer and construction  support  systems,  and  transferred to 
geosynchronous  orbit by a  dedicared  electric-propulsion  system. It would 
operate  in  the  same  mode as the  full-scale  satellite  by  directing  a  microwave 
power  beam  at  a  power  level  of  several  hundred  megawatts  to  a  standard  modular 
segment  of  the  proposed  operational  ground  rectenna.  The  demonstration/ 
operational  period  would  range  from  six  months  to  several years,  during  which 
time  the  majority  of  the  principal  SPS  elements  of  the  full-scale  solar  power 
satellite  would  be  operated  in  the  in-situ  environment.  Operational  data 
would  provide  the  quantitative  basis  for  analyses  which  would  support  full 
SPS  commercial  capability. 

The  current  SPS  operational  system  construction  guideline  calls  for 
satellite  construction  in  geosynchronous  orbit,  with  an  SPS  electric  orbital 
transfer  vehicle  (EOTV)  baselined  to  provide  construction  material  mass 
transfer  from  LEO  to  GEO. A primary  guideline  for SPS pilot  plant  develop- 
ment  involves  the  utilization  of  this  EOTV  as  the  power  module.  This  allows 
common  development  and  construction  utilizing  a  single  modular  construction 
facility  that  can  be  expanded  into  the  basic SPS assembly  fixture. An 
evolutionary  construction  scenario  is  illustrated  in  Figure 3.1-1 wherein 
the  basic  construction  facility  is  fabricated  in  LEO  and  utilized  in low  orbit 
to  construct  first  the  pilot  plant  and  then  the  operational  EOTV'S.  The 
construction  facility  would  then  be  upgraded  to  SPS  production  capability 
and  transferred  to GEO by  the  EOTV. 

The  initial.  step  is  establishment  of  a  LEO  base  as  shown  in  the  lower 
left  of  the  chart. Crew  and  power  modules  are  transported  to  LEO  by  Shuttle 
derivatives  and  assembled.  When  the  base  is  fully  operational,  Shuttle 
external  tanks  are  delivered  and  mated  to  form  construction  fixtures  for : 
SCB  construction.  Since  the  more  economical  HLLV  will  not  be  available  and 
since  overall  plans  specify  an  EOTV  test  vehicle,  only the  center  trough  of 
the  SCB  would  be  constructed  initially.  This  trough  would  be  used  to 
fabricate  the  pilot  plant  EOTV  with  antenna.  After  proof  of  concept  and 
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I P I L O T   P L A N T   D E M O N S T R A T I O N   P H A S E  
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Figure 3.0-1. SPS Pilot Plant Demonstration Phase 
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Figure 3.1-1. EOTV-Pilot Plant  Construction  Scenario 

SPS go-ahead,  the  remainder  of  the SCB would  be  completed,  initial EOTV's con- 
structed, and  the SCB transferred  to GEO, using  one  or  more  EOTV's  for  propul- 
sion  and  attitude  control. 

The  pilot  plant  demonstrator  would  be  sized  to  the  projected EOTV power 
level of 335 Mw at  the  array.  Allowing  for  radiation  degradation  and  power 
distribution  losses,  power to  the  microwave  antenna  would  be  approximately 
285 MW. Microwave  transmission  losses  would  reduce  this  value  to  about 230 MW 
at the  rectenna. This  would  result  in  recovery  of 8 MW of power  for  a  7-km- 
diameter  rectenna o r  2 MW of  power  for  a  1.75-km-rectenna. 

3-3 



3.2 SCB CONSTRUCTION SEQUENCE 

One of   the  most  c r i t i c a l  c o n c e r n s   i n   t h e   E O T V - p i l o t   p l a n t   c o n s t r u c t i o n  
s c e n a r i o   ( a n d   i n   t h e  SPS concept )  i s  t h e   c o n s t r u c t a b i l i t y   o f   t h e  SCB i tself ,  
i t s  s h o r t   d i m e n s i o n   b e i n g   m o r e   t h a n   a n   o r d e r   o f   m a g n i t u d e   g r e a t e r   t h a n   c a r g o  
d i m e n s i o n s   o f   c u r r e n t l y   p r o j e c t e d   e a r t h   l a u n c h   v e h i c l e s .   T h e   l a r g e s t ,   p r e s e n t -  
l y  programmed, p o t e n t i a l l y   u s e f u l   s t r u c t u r a l   e l e m e n t s   d e l i v e r a b l e   t o  LEO are 
t h e   s h u t t l e   e x t e r n a l   t a n k s   ( E T ' S ) .  The p i l o t   p l a n t   c o n s t r u c t i o n   s c e n a r i o  
r e f l e c t s   t h e   u t i l i z a t i o n   o f   e x p e n d e d  E T ' s  i n   c o n s t r u c t i n g   t h e   c o n s t r u c t i o n  
f i x t u r e s   w h i c h  w i l l  b e   u s e d   t o   c o n s t z u c t   t h e   m a j o r  beam e lements   o f   the  SCB. 
Approximately 22 of t h e s e  E T ' s  w i l l  be   requi red ,   and   could   be   ob ta ined   by  
boos t ing   expended   tanks   in to  a common o r b i t   a f t e r   o r b i t e r   s e p a r a t i o n   r a t h e r  
t h a n   d i r e c t i n g  them b a c k   t o   e a r t h  as now planned .  The o p e r a t i o n a l   c o n c e p t  
cons i s t s   o f   a s sembl ing   t he  1 6  E T ' s  i n t o   f i x t u r e s   ( F i g u r e  3 . 2 - 1 ) .  Two of t h e  
f i x t u r e s   ( m i r r o r   i m a g e s  of   each   o ther )   conf igured  as shown i n   F i g u r e  3 . 2 - 2 ,  
r e q u i r e  8 ET's each .  A t h i r d   f i x t u r e ,   a s s e m b l e d   f r o m  6 E T ' s ,  i s  shown as t h e  
50 m t r i b e a m   f a b r i c a t i o n   f a c i l i t y   i n   F i g u r e  3 . 2 - 3 .  The a t t a c h   f i t t i n g s ,  co l -  
lapsible   connect ing  members ,   and beam machines are f a b r i c a t e d   o n   e a r t h   a n d  
c a r r i e d   t o  LEO v i a   t h e   s h u t t l e .  When assembled,  two o f   t h e   f i x t u r e s   e q u i p p e d  
w i t h   n i n e  2 meter beam machines  each as i n d i c a t e d   i n   F i g u r e  3 . 2 - 2 ,  a r e   u t i l i z -  
ed t o   c o n s t r u c t   t h e  diamond  shape SCB f a b r i c a t i o n   f a c i l i t y   s t r u c t u r a l   b a s e .  
The t h i r d   f i x t u r e  is equipped   wi th  6 beam m a c h i n e s   a n d   p r o v i d e s   t h e   j i g   f o r  
c o n s t r u c t i o n   t r i b e a m   f a b r i c a t o r s   a n d   i n t e r f a c e   f i t t i n g s   w h i c h  are e lements   o f  
t h e  SCB. The f a b r i c a t i o n   f a c i l i t y  i s  then   u sed   t o   gene ra t e   and   a s semble   t he  
SCB s t r u c t u r e ,   t h e  SCB b e i n g   f a b r i c a t e d   f r o m  beams of t h e  same sec t ion   p ro -  
per t ies  as t h e   f a b r i c a t i o n   f a c i l i t y .  

C o n c u r r e n t   w i t h   a s s e m b l y   o f   t h e   w o r k   f i x t u r e s ,   o r   j i g s ,  i t  i s  necessa ry  
t o   i n c o r p o r a t e   p r o v i s i o n s   f o r  crews, e lec t r ica l  power,  and a t t i t u d e   c o n t r o l .  
This  i s  accompl ished   by   the   use   o f   spec ia l ized   modules   which  are compat ib le  
w i t h   s h u t t l e   p a y l o a d   c a p a b i l i t i e s   a n d   w h i c h   c a n   b e   a s s e m b l e d   i n   o r b i t   t o   a n y  
s ize   complex ,   dependent  on r e q u i r e m e n t s .   F i g u r e  3 . 2 - 2  shows a power  module 
w h i c h   p r o v i d e s   s u f f i c i e n t  e lec t r ica l  power f o r  crew l i f e   suppor t   equ ipmen t   and  
f o r   o p e r a t i n g   t h e   c o n s t r u c t i o n   e q u i p m e n t .  

3 . 3  PILOT PLANT CONSTRUCTION SEQUENCE 

A p o r t i o n   o f   t h e   c o n s t r u c t i o n   s e q u e n c e   f o r   t h e   p i l o t   p l a n t   v e h i c l e ,   u t i l i z -  
i n g   t h e  SCB d e s c r i b e d   i n   S e c t i o n  3 . 2  is i l l u s t r a t e d   s e r i a l l y   i n   F i g u r e s  3 . 3 - 1  
through 3 . 3 - 4 .  
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F i g u r e  3.2-1. ET F a c i l i t y   B u i l d u p  
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C. SOLAR ARRAY COMPLETED 
- 

F i g u r e  3.3-2. EOTV/DEMO SPS C o n s t r u c t i o n   S e q u e n c e  
S l i p r i n g ,   R o t a r y  Hub & Yoke  Base 
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Figure 3 . 3 - 3 .  EOTV/DEMO SPS Construction Sequence 
Yoke Arms & Antenna  Fab/Maint. Platform 

s) A. FABR O F  SPACE  FRAME 
A N T E N N A  STRUCTURE BUILT 
USING MOVEABLE  PLATFORM  FACILITY 

8. RF ELEMENTS MECHANICAL MODULES 
INSTALLED,   MINIMAL  DEMO 
PATTERN TBD 

Figure 3 . 3 - 4 .  EOTV/DEMO SPS Construction Sequence 
Space Frame Antenna 
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4.0 SUPPORTING RESEARCH AND  TECHNOLOGY 

I 

This  section  presents, in summary  form,  those  early  analysis/experimental 
research  tasks  required  to  provide  the  requisite  proof .of feasibility  for  criti- 
cal  issue  technology  elements  of  the SPS system.  Establishment of firm  designs, 
performance  levels,  development  requirements,  cost/efficiency  trades,  and  sys- 
tem  environmental  acceptability  all  depend  on  early  verification of the  achiev- 
able  characteristics  of  many  critical  subsystem.  components/elements. 

The  proposed  supporting  research  and  technology  (SRT)  tasks in this section 
are  grouued  by  major  subsystem  technolopies as listed  below. 

Microwave  Power  Transmission  Technology 
Power  Conversion  Technology 
Power  Distribution  Technology 
Structures  Technology 
STS Propulsion  Technology 

Individual  tasks  within  each  subsystem  technology  area  are  presented i n  RTOP 
format  including  justification,  objectives,  approach,  task  schedules,  and  costs. 

These  proposed  tasks  reflect SPS concept  definition  design  decisions  at 
this  point in  time, and  cannot  be  considered  as  all-inclusive.  Subsequent 
point-desipn  decisions  and  guidelines will dictate  continuing  reassessment  and 
undating of this  preliminary  SPS  SRT  task  plan. 
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SPS SUPPORTING  RESEARCH i3 TECHNOLOGY  TASK  PLAN 

TECHNOLOGY  TITLE MICROWAVE POWER  TRANSMISSION  TECHNOLOGY 

e TECHNICAL SUMMARY 

The o b j e c t i v e   o f  t h i s  e f f o r t  is t o   c o n d u c t  c r i t i c a l  e a r l y   a n a l y s e s   a n d   e x p l o r a t o r y  
t echno logy   r e l a t ing   t o   mic rowave   ene rgy   t r ansmiss ion   key   t echn ica l   i s sue   r e so lu t ion  
a n d   f u n d a m e n t a l   t e c h n i c a l   f e a s i b i l i t y .  The t a s k s  i n  t h i s   p l a n   a d d r e s s  c r i t i c a l  
component d e f i n i t i o n   i s s u e s  re la t ive t o  microwave  power  amplif icat ion  and  t rans-  
mission,   ground power r e c t i f i c a t i o n ,   a n d   i n i t i a l   d e f i n i t i o n   o f   m i c r o w a v e   g r o u n d  
test r ange   r equ i r emen t s   and   cha rac t e r i s t i c s .  Computer s imula t ion   model ing ,  
experimental   lab  development   and  engineer ing  model   evaluat ion w i l l  be  performed. 

OTASK SUMMARY 

FVNDING $K 

TITLE 

Ground Test Range D e f i n i t i o n  

50 kW K l y s t r o n   D e f i n i t i o n  

RCR Concept   Evaluat ion 

An tenna   Pa t t e rn   Ca lcu la t ion  

GaAs Diode  Concept  Evaluation 

Power T r a n s i s t o r   D e f i n i t i o n  

80 

100 

200 

100 

100 

5 0  

100 

- 

650 

- 81 

150 

100 

100 

350 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

0 TASK  TITLE MPTS GROLJXD TEST  RANGE DEFIIUITION 

0 JUSTIFICATION 

A very  large  percentage of MPTS critical  technic-a1  issues  can  be  substantially 
resolved  through  a  comprehensive,  progressive  microwave  transmission  ground 
development  program. A more  precise  definition of required  ground  test  range 
requirements  and  facilities  is an essential  prerequisite  to  initiation  of MPTS 
subsystem  development. 

0 TECHNICAL  OBJECTIVES 

To determine  specific  detailed  verification  test  and  performance  requirements  and 
test  system  concepts  for  ground to ground  (near-field)  and  ground  to  geosynchronous 
orbit  (far-field)  verification  testing  of MPTS subsystem  elements,  including  inter- 
face  parameters  and  requirements for  a geosat  multi-function  test  system  operating 
in  conjunction  with  a 1 km ground  linear  array. 

0 APPROACH 

Task  sequence  will  be to establish  sequential  technical  issue  resolution  requirements, 
define  overall  test  system  characteristics  and  conduct  system  concept  definition 
studies  for  principal  ground  test  elements.  The  following  subtasks  will  be  performed: 

a) Define PPTS critical  technology  verification  resolution  requirements  as  a 
parametric  basis  for  proposed  test  system  objectives. 

b) Describe  overall  sequential  end-to-end MPTS system  test  characteristics 
including  location,  power  requirements,  instrumentation,  etc. 

c)  Develop  preliminary  design  concept  definition  for 600 meter  and 6 kn 
ground  to  ground  test  ranges  and a ground to geo 1 km linear  array  antenna 
installation. 
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NOTES: 

0 R E S O U R C E  R E Q U I R E M E N T S  I FY 80 I FY 81 I F Y  a2 I 
F U N D I N G  $100 K $150 K 

FACI LIT1 ES 
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

0 TASK TITLE 50 KW KLYSTRON DEFINITION 

JUSTIFICATION 

The  high-power Klys t ron   conve r t e r   mus t   be   comple t e ly   cha rac t e r i zed   and   de f ined   be fo re  
MPTS d e s i g n   d e f i n i t i o n   c a n   b e   i n i t i a t e d .   K l y s t r o n  e lectr ical  d e f i n i t i o n   r e q u i r e s  
a p p l i c a t i o n  of t he   " f loppy   d i sc"   d ig i t a l   e l ec t ron -beam  s imula t ion   p rog ram.   Co l l ec to r  
e l e c t r o n   o p t i c s   r e q u i r e s   a n a l o g u e   s i m u l a t i o n .  

I 0 TECHNICAL  OBJECTIVES 

Per fo rm  computa t iona l   s imu la t ion   i n  a computer -a ided-des ign   process   to   def ine   an  
optimized SPS Klys t ron ,   gene ra t e   i n i t i a l   des ign   and   a s sembly   s equences   and   p rov ide  
a b a s i s  for c o s t  and  performance  predict ion.  

. "" __  ~ - - . . - . . . . . . . ~. ~ 

0 APPROACH 

1. Assemble  and  proof  analogue  and  digital   programs 

2 .  P e r f o r m   K l y s t r o n   d e f i n i t i o n   s i m u l a t i o n   o p t i m i z a t i o n  

3 .  Generate   design  drawings 

4 .  Develop   assembly   f low  scenar io   and   ins t ruc t ions  

. - 
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 
~~~~ ~ .- .. 

0 TASK  TITLE 50 KW KLYSTRON DEFINITION 
~~ ~ ~ -~ 

0 MILESTONE SCHEDULE 

i 

NOTES: 

* P r o t o   K l y s t r o n  lab model  fab & t es t  p r o j e c t e d  as 
Component  Development Task 

0 RESOURCE REQUIREMENTS I FY 80 I FY 81 I FY 82 I 
.~ 

FUNDING $200 K - - 
FACl LIT1 ES TBD 

c ~~ 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 
~~ ~ ~ 

~~~ ~~~~ "" ~. . ~ 

- ~~- 
~~ 

a TASK TITLE RCR CONCEPT EVALUATION 

0 JUSTIFICATION 

An integrated  microwave - radiatorlpower  converter  module  must  be  characterized 
and  developed  in  detail  as a  necessary  prerequisite  to  point-design MPTS perform- 
ance,  mass and  cost  determinations. 

0 TECHNICAL  OBJECTIVES 

Perform  development of a point-design  RCRjKlystron  module  with  required  pattern, 
adequate  cooling  and  an  economical  manufacturing  process.  Ohmic  cost  will  be 
considered  a  major  parameter. 

0 APPROACH 

Resonant  Cavity  Resonator  configurations  of  various  characteristics  will  be  designed 
and  evaluated.  Variants  will  include  feeder  placement,  introduction  of  the  klystron 
well,  addition  of  heat-pipe  grid,  and  use  of  choke  joints  for  assembly.  Experimental 
model  will  be  tested  in  a  space  simulator  for  cooling  performance,  nultipaction, 
temperature  distribution  and  other  performance  characteristics. 
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

0 TASK  TITLE RCR CONCEPT EVALUATION 

a MILESTONE  SCHEDULE 

NOTES: 

0 RESOURCE REQUIREMENTS I FY ~~~ 80 I FY 81 I FY 82 I 
FUNDING $100 K $100 K 

FACl LIT1 ES YES 



SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

t 
TASK TITLE MPTS  ANTENNA  PATTERN  CALCULATION 

0 JUSTIFICATION 
Microwave beam computed p a t t e r n s   t a k i n g   i n t o   a c c o u n t  a l l  d e v i a t i o n s   f r o m   i d e a l  
behavior  are requ i r ed   €o r   p ro j ec t ed   po in t -des ign  MPTS antenna c o n c e p t s   p r i o r   t o  
deve lopmenta l   hardware   t es t ing .   La ter   g round  to   geo   l ine   a r ray   pa t te rn   measurements  
must c o r r e l a t e  well w i t h   a n t e n n a   p a t t e r n   m o d e l i n g   t o   v e r i f y   a n t e n n a   d e s i g n   a d e q u a c y .  

[ 0 TECHNICAL  OBJECTIVES 

Assemble a s p e c i a l i z e d   c o m p u t e r   p r o g r a m   f o r   c a l c u l a t i o n   o f  MPTS antenna   a r ray   and  
l i n e   s o u r c e   s i m u l a t i o n   p a t t e r n   b e h a v i o r .  

I APPROACH 

I 
1. Cons t ruc t  an optimized  computer  program  using as subprograms,   exis t ing  programs 

for   computing l i n e  and planar a r r a y   p a t t e r n s   f r o m   t h e   a r r a y   e x c i t a t i o n .  

2 .  The main  program w i l l  i den t i fy   exc i t a t ion   func t ions   by   ca l l i ng   subprograms   wh ich  
g e n e r a t e   p e r t u r b a t i o n s  o f  t h e   i d e a l   e x c i t a t i o n s   g e n e r a t e d   i n   t h e  MAINGO. 

3 .  Eva lua te   and   u t i l i ze   t he   fo l lowing   subprograms :  

0 N A I N G O  0 WEIGHT 0 RECTNA 
0 LOCATE 0 XFORMl 0 PRTPLT 
0 E T R O  0 XFORMZ 0 CRTPLT 
0 STEER 0 VALUES 0 TBLPLT 
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SPS SUPPORTING  RESEARCH & TECHNOLOGY TASK PLAN 
- . - ~ ~ _ _ _  .~ . .. ~ ~ 

0 MILESTONE  SCHEDULE 

NOTES: 

0 RESOURCE REQUIREMENTS I FY ." 80 I FY 81 I FY 82 1 
FUNDING $100 K 

FACl LIT1 ES (CO>LPETATION) 
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I SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

I .  

0 TASKTITLE GaAs DIODE CONCEPT  EVALUATION 

I 0 JUSTIFICATION 

D i o d e   a n d   c o r o l l a r y   r e c t i f i e r   c i r c u i t s  must  be  characterized  and  developed as a 
p r e r e q u i s i t e   t o  SPS rec tenna   conf igura t ion   def in i t ion   and   cos t   and   per formance  
de te rmina t ion .  

0 TECHNICAL  OBJECTIVES 

Deve lop   d iode   and   r ec t i f i e r   c i r cu i t   so f tware   p rog rams ,   evo lve  optimum  diode  and 
c i r c u i t   d e s i g n   a n d   e v o l v e   e f f i c i e n t   f a b r i c a t i o n   p r o c e s s e s .   I n a s m u c h  as problems 
i n   d e f i n i n g  G a A s  parameters are t h e  same as f o r   t h e  G a A s  t r a n s i s t o r  program t a s k ,  
p e r f o r m   t h i s   t a s k   i n  pa ra l l e l .  

0 APPROACH 

The  development  of  the  diode CAD program  can  be a s i m p l i f i c a t i o n   o f  the Waterloo 
t r a n s i s t o r   p r o g r a m ,  BIPOLE. A s  i n   t h e   t r a n s i s t o r   c a s e   e i t h e r  WATAND o r  REPAC can 
be   u sed   fo r   t he  CAD r e c t i f i e r   c i r c u i t  program. Test d i o d e s   a r e   t h e n  made and com- 
pared   wi th   the   computer   p rogram  resu l t s .  G a A s  pa rame te r s   and   s t ruc tu re   da t a  i s  
mod i f i ed   acco rd ing   t o   l ab  results then  new d e s i g n s  are run .   This  w i l l  con t inue  
u n t i l   a n  optimum des ign  is ob ta ined .  

Rectenna  performance will t h e n   b e   c a l c u l a t e d   i n   l i g h t  of  t h e  optimum  design 
parameters. 

F ina l ly   l a rge-sca le   manufac ture   methods  will b e   p r o j e c t e d   f r o m   t h e   l a b o r a t o r y   f a b  
p rocesses  and   vo lume  product ion   cos ts   es t imated .  
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

I 
~~ 

"" ~ -~ ~~ 
. . .~~ ~ 

0 TASK  TITLE GaAs D I O D E  CONCEPT EVALUATION 

0 MILESTONE SCHEDULE 

NOTES: 

0 RESOURCE REQUIREMENTS 1 . -  ~+Y-80 I FY 81 FY 82 1 
FUNDING $50 K $100 K 

FACl LIT1 ES (COMPUTATIOX) 
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SPS SUPPORTING RESEARCH & TECHNOLOGY  TASK PLAN 

1 .  ~. -~ ~ 

.. ~ 

.. 0 TASK  TITLE POWER TRANSISTOR PRELIMINARY DEFINITION 
~ . . .  .~ ~ "_ ." ~ 

JUSTIFICATION 

A p r e l i m i n a r y   c o n c e p t   d e f i n i t i o n   a n d   p e r f o r m a n c e   e v a l u a t i o n   o f   t h r e e   t r a n s i s t o r  
power converters  must  be  performed as a b a s i s   f o r   t h e  power  module p o i n t   d e s i g n  
d e c i s i o n  by 1981 p r i o r   t o  component   development   and  ver i f icat ion.  

0 TECHNICAL  OBJECTIVES 

Evaluate   the  performance  and S-0-A m a n u f a c t u r i n g   p o t e n t i a l   f o r   a d v a n c e d  power 
t r a n s i s t o r   d e v e l o p m e n t   f o r   a p p l i c a t i o n   t o  MPTS power a m p l i f i c a t i o n .  

0 APPROACH 

Task w i l l  c o n s i s t   o f   a n  i t e ra t ive  p r o c e s s   o f   d a t a   a c q u i s i t i o n   o n  GaAs parameters, 
c a l c u l a t i o n  o f   op t imized   t r ans i s to r   pe r fo rmance   and   eva lua t ion   o f   p roduc t ion  
po t en t  i a l  . 
The t a sk   s equence   i nc ludes   t he   fo l lowing :  

a )   C o l l e c t i o n   o f   p r e l i m i n a r y  GaAs parametric d a t a  

b )  CAD d e s i g n   o f   t r a n s i s t o r   u s i n g   v a r i a t i o n   o f   W a t e r l o o   p r o g r a m  - BIPOLE 

c )  CAD d e s i g n   o f   a m p l i f i e r   c i r c u i t s   u s i n g   e i t h e r   W a t e r l o o  - WATAND o r  R I  - REPAC 
d )  Fabr ica t ion   and  tes t  e v a l u a t i o n   o f   t r a n s i s t o r  and ampl i f ie r   per formance  

e)   Refinement   of  G A S  d a t a  and e f f i c i e n c y   p r o j e c t i o n  

4-14 



" 

SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK PLAN 
- 

~~ 
" . . ." ~ ~~~~ 

0 TASK  TITLE POWER T W S I S T O R  PRELIMINARY DEFINITION 
.. " 

0 MILESTONE  SCHEDULE 

- ~~ 1 

NOTES: 

~~ 

0 R E S O U R C E   R E Q U I R E M E N T S  [ FY 80 

FUNDING $100 K 

FACl  LIT1 ES 

I FY a1 I FY a2 
- 
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SPS SUPPORTING  RESEARCH 81 TECHNOLOGY  TASK PLAN 

I 
0 TECHNOLOGY  TITLE SPS  POWER  CONVERSION  TECHNOLOGY 

0 TASK SUMMARY 

1. 

2 .  

3 .  

4 .  

5 .  

The  objective  of  this  program  is  to  identify  and  develop  the  component  and  subsystem 
technologies f o r  an  advanced  photovoltaic  conversion  subsystem  to  support  the  SPS 
design  and  trade  off  studies. The GaAZAs  photovoltaic  subsystem  has  the  potential 
of low  weight,  increased  performance,  higher  resistance to  ionized  radiation  levels 
and  the  ability  to  operate  with  concentrators  with  minimum loss in  performance  compared 
to  Si  cells  and  it  should  actively  be  developed.  Determination o f  the  state-of-the-art, 
analyses,  computer  modeling,  design  and  trade  off  studies,.  and  fabrication,  test  and 
development  of  the  major  components will be  conducted  in  the  proposed  program. 

~ ~- " 

GaAs Solar Cell Advanced  Development - The  objective of  this  program  is  to  develop 
a GaAs cell  for  space  applications  with  a  minimum  efficiency  of 20% at AM0 and 
28°C. The  development  of a 20% GaAs cell  is  required  for a  practical  design of a 
Solar  Power  Satellite  for  the  post 1995 time  period.  High  efficiency,  high  produc- 
tion  capabilities  associated  with  low  cost  is  required. The following  are  required 
to  develop  the GaAs solar  cell:  Investigation  of cell  structures,  cell fabricatior 
and characterization,  radiation/annealing  evaluations,  material  development  and 
improvements  and  manufacturing  processes. 

CVD  Fabrication  Process  Scale-up - The  objective  of  this  program  is  to  continue 
and  improve  the  CVD  fabrication  process  in  order  to  obtain  increased  yields  and 
high  efficiency GaAs cells. To support  the SPS solar  cell  design  it  is  necessary 
to  perform research and  development  to  establish  the  technology  base  for  the  re- 
quired  cell  materials,  interconnect  mechanisms,  mounting  and  bonding  processes, 
contact  methods,  continuous  flow  processing  and  in  line  monitoring  (layer  thick- 
ness,  doping  concentration,  junction  integrity,  diode  characteristics,  contact 
resistance,  photovoltaic  response, AR coatings). 
Solar  Cell & Reflector  Radiation  Tests - The  objective  of  this  program  is  to  char- 
acterize  the  advanced G a A l A s  cells and  reflectors  for an  on orbit 30 year  radiation 
environment.  Various  cell  designs  and  reflector  membrane  specimens  will  be  fabri- 
cated  and  tested  to  various  radiation  energy  levels  and  fluxes in laboratory  test 
chambers. The test  results  will  be  analyzed  and  used to  project  the  component 
performance  for  the  SPS  mission. 

Reflector  Performance  Tests - The  objective  of  this  program  is  to  survey  the 
industry  and  perform  tests  for  determining  the  surface  and  optical  properties  of 
reflective  membranes of 12.5 pm (0.5 mil)  or less  in  thickness.  Concentration 
ratios  of  approximately 7 to 8 can  be  used  with  GaAlAs  cells  before  an  active 
thermal  control  system  would  be  required.  With  the  higher  concentration  ratio 
the  design  complexity  increases  and  the  SPS  sizing  then  becomes  very  sensitive 
to  misorientation  angles  with  respect to the  sun.  Preliminary  analysis  have 
indicated  that  concentration  ratios  of  approximately 2 to 5  are  attractive  for 
the  SPS  for a passive  cooled  solar  array  design. 

High  Voltage (40 kV)  Solar  Cell  String  Design - High  voltages  of 40 kV to 50 kV 
are  essential  for  the  reduction  of  power  distribution  weight  and  to  minimize  the 
power  distribution  losses  on  the  SPS.  The  high  voltage  arrays  also  permits  the 
direct  coupling of the  power  conversion  subsystem  to  the  microwave  antenna.  This 
eliminates  the  necessity  of  high  weight  power  conditioning  equipment  to  step  up 
the  array  voltages  to  be  compatible  with  the 40 kV  klystron  input. 
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

0 TASK TITLE GaAs SOLAR CELL ADVANCE DEVELOPMENT 

JUSTlFlCATlON A s o l a r  power s a t e l l i t e   c a p a b l e   o f   d e l i v e r i n g  5 GW of  power t o   t h e  
u t i l i t y   o n   t h e  ground w i l l  r equ i r e   an   a r r ay   ou tpu t   o f   app rox ima te ly  9.76 GW a t  t h e  
end  of l i f e .  U t i l i z i n g   t h e  GaAs t y p e  ce l l  w i l l  r e s u l t   i n  a s o l a r   b l a n k e t  area of 
approximately 30.6 km2 which is c o n s i d e r a b l y  less area t h a n   i f  S i  t y p e   c e l l s  were 
used.  The G A S  ce l l  o f f e r s   t h e   p o t e n t i a l   o f   h i g h   e f f i c i e n c y ,  low weight ,   reduced 
deployment   a rea ,   h igh   e f f ic iency  a t  e leva ted   opera t ing   tempera tures   which  p e r m i t s  
c o n c e n t r a t o r s   t o   b e   u s e d   f o r   o b t a i n i n g   c o n c e n t r a t i o n   r a t i o s  up t o  5 t o  7 ,  and t h e  
GaAs c e l l  is more r e s i s t a n t   t o   t h e  space rad.iation  environplent  compared  to  Si  
cells .  

~ ~ 

0 TECHNICAL OkJECTlVES 

The o b j e c t i v e   o f   t h i s   e f f o r t  are: 
D e m o n s t r a t e   a n d   d e v e l o p   t h e   t e c h n o l o g y   f o r   f a b r i c a t i n g   h i g h   e f f i c i e n c y  G a A s  

Deve lop   and   app ly   r i go rous   ana ly t i ca l   mode l ing   t echn iques   fo r   p red ic t ing   t he  

D e t e r m i n e   t h e   t o l e r a n c e   o f   v a r i o u s  GaAs s o l a r   c e l l   c o n f i g u r a t i o n s   t o   i r r a d i a -  

s o l a r  cel ls  

performance  of GaAs t h i n   f i l m   c e l l s  

t i o n  b y   c h a r g e d   p a r t i c l e s   a n d   f e a s i b i l i t y   o f   l o w   t e m p e r a t u r e   a n n e a l i n g   t o  
remove r a d i a t i o n  damage 
Develop.and  improve  feedstock materials f o r   c e l l   f a b r i c a t i o n   p r o c e s s e s   a n d  
c e l l   s t r u c t u r e s  
Des ign   pre l iminary   manufac tur ing   processes ,   equipment ,   and   phys ica l   p lan t  
r e q u i r e m e n t s   f o r   e v e n t u a l  SPS c e l l   p r o d u c t i o n  

0 APPROACH 

I n v e s t i g a t e   a n d   d e v e l o p   h i g h   e f f i c i e n c y   t h i n   f i l m  GaAs s o l a r   c e l l   s t r u c t u r e s  
based  on MO-CW; mode l ,   des ign   and   pe r fo rmance   ana lyzes   t h in   f i lm  GaAs ce l l s ;  
d e t e r m i n e   t h i n   f i l m  GaAs s o l a r  c e l l  r a d i a t i o n  damage  and a n n e a l i n g   p r o p e r t i e s ;  
develop  and  improve  ( feedstock)  materials w i t h   r e q u i r e d   p r o p e r t i e s ,   r e d u c e   c o s t s  
and   h igh   vo lume   p roduc t ion   po ten t i a l ;   and   pe r fo rm  p re l imina ry   des ign   and   p ro j ec -  
t i on   o f   manufac tu r ing   p rocesses ,   p roduc t ion   equ ipmen t ,   and   phys i ca l   p l an t   r equ i r e -  
m e n t s   f o r   l a r g e  scale manufacture   of  GaAs t h i n   f i l m  cel ls  f o r  SPS. 



NOTES: 

0 RESOURCE REQUIREMENTS I FY a0 I FY a1 I FY a2 

FUNDING $900 K $1000 K $1500 K 

FACILITIES 



I SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

TASK TITLE CVD FABRICATION  PROCESS  SCALE-UP 

JUSTIFICATION 
A s o l a r  power sa te l l i t e  c a p a b l e   o f   d e l i v e r i n g  5 GW of power t o   t h e   u t i l i t y   o n   t h e  
ground w i l l  r e q u i r e   a n   a r r a y   o u t p u t  of approximately 9.76 GW a t  t h e   e n d   o f   l i f e .  
One o f   t h e  major components  that   have a s i g n i f i c a n t   i m p a c t   o n   t h e  SPS weight  and 
c o s t  i s  the   des ign   and   per formance   of   the  G a A l A s  s o l a r  c e l l .  The  development  and 
re f inement  of t h e  CVD f a b r i c a t i o n   p r o c e s s   f o r   t h e   m a n u f a c t u r e   o f  G a A l A s  ce l l s  has  
t h e   p o t e n t i a l   f o r   h i g h   p r o d u c t i o n  rates f o r   t h e  cel ls .  The CVD p r o c e s s   h a s   t o   b e  
d e v e l o p e d   i n   o r d e r   t o   o b t a i n   h i g h   p e r f o r m a n c e   c e l l s   w i t h   h i g h   m a n u f a c t u r i n g   y i e l d s  
~ ~ $ e ~ o ~ l ~ ~ f k . c ~ ~ t  which are r e q u i r e d   t o  make t h e  SPS economica l ly   v iab le   wi th   advanced  

0 TECHNICAL OBJECTIVES 

Analyze  the  manufactur ing  processes  and design  improved  techniques  and  equipment   that  
w i l l  r e s u l t   i n   t h e   m a n u f a c t u r e   o f   h i g h   e f f i c i e n c y  G a A l A s  c e l l s .   F a b r i c a t e   a n d  test 
c e l l s  t o  demonstrate  the  improved CVD processes .  

0 APPROACH 

The p rocess   va r i ab le s ,   t o l e rances   and   t he   equ ipmen t   s i ze   have   t o  b e  d e f i n e d .   E s t a b l i s h  
p r o d u c t i o n   y i e l d s ,   p r o c e s s  times, mfg cos t s   and   p l an t   s i ze   wh ich  are necessary  t o  
d e t e r m i n e   p r o d u c t i o n   r a t e s .   D e f i n e   f a c i l i t y   r e q u i r e m e n t s   a n d   c e l l   c o s t s .   A n a l y z e  
the   ga l l i um  cyc le   fo r   r ecyc l ing ,   min imiz ing   l o s ses   and   r educ t ion   i n   ga l l i um  con ten t  
for ce l l   pe r fo rmance .  

I -~ 
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SPS  SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 
" 
- " 

0 TASK  TITLE CVD FABRICATION  PROCESS  SCALE-UP 

0 MILESTONE  SCHEDULE 

I CY 1 ! w l  I CY 1981 I CY 1982 I 

0 RESOURCE  REQUIREMENTS  FY 80 I FY 81 FY 82 

FUNDING $300 K $500 K $800 K 

FACILITIES 

I 

- TBD TBD 



SPS  SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

0 TASK TITLE SOLAR CELL & REFLECTOR RADIATION TESTS 
~~ ~. .- . 

0 JUSTIFICATION. The r a d i a t i o n   e f f e c t s   o n   s o l a r  ce l l s  and r e f l e c t o r s   h a s   b e e n   e s t i m a t e d  
t o   r e s u l t  i n  degrada t ions   o f  a s  h igh  as 20 t o  30% € o r  the  SPS t ype   mi s s ion .  The h i g h  
d e g r a d a t i o n   f a c t o r s   r e s u l t s   i n  increased s i z i n g   o f   t h e  SPS wi th   add i t iona l   we igh t   and  
c o s t   p e n a l t i e s .   T h e r e  is some p r e l i m i n a r y   d a t a   a v a i l a b l e   t h a t   i n d i c a t e s   t h e s e   f a c t o r s  
may be   too   h igh .  A w e l l  ba lanced  test program is r e q u i r e d   t o   o b t a i n   a c t u a l  c e l l  and 
r e f l e c t o r   p e r f o r m a n c e   d a t a   f o r   t h e   r a d i a t i o n   e n v i r o n m e n t   i n   o r d e r   t o   d e s i g n   a n d  
d e t e r m i n e   t h e  size and c o s t  of   the SPS wi th  a h ighe r   con f idence  level.  

0 TECHNICAL  OBJECTIVES 
Conduct d e t a i l e d   a n a l y s e s   o f   t h e  c e l l  s t ruc tu re   t o   de t e rmine   me thods   and   des igns   t o  
i n c r e a s e   t h e   r a d i a t i o n  resistance. F a b r i c a t e  and tes t  c e l l s  and r e f l e c t i v e  membranes 
t o   t h e   r a d i a t i o n   e n v i r o n m e n t   a n d   c o r r e l a t e  tes t  d a t a   w i t h   a n a l y t i c a l l y   r e s u l t s .  

~ 
~~ ~ ~ 

0 APPROACH 

Perform  analyses   and  computer   model ing  of   the  devices   to   determine  the  performance 
fo r   t he   r ad ia t ion   env i ronmen t .   Conduc t   r ad ia t ion  tests on   space   t ype   ce l l s   and  
re f lec tor   spec imens   and   cor re la te   and   compare   da ta   wi th   math   models .   Develop   and  
evaluate t echn iques   t o   min imize   r ad ia t ion   deg rada t ion   such  as t h e r m 1   a n n e a l i n g   o f  
c e l l s ,   i n c r e a s e d   t h i c k n e s s   o f   r e f l e c t o r   c o a t i n g ,   d e v e l o p m e n t   o f   i n c r e a s e d   r a d i a t i o n  
h a r d e n   s o l a r   c e l l s .  
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

I 0 MILESTONE SCHEDULE 

I 0 RESOURCE REQUIREMENTS  FY 80 FY 81 1 FY 82 

FUNDING 

FACl LlTlES 

$200 K $250 K $300 K 
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I SPS SUPPORTING  RESEARCH  &TECHNOLOGY  TASK  PLAN 

0 TASK  TITLE REFLECTOR  PERFORMANCE  TESTS 

0 JUSTlFlCATlON One technique   to   reduce   the   weight   and   cos t   o f  a SPS p h o t o v o l t a i c  
power conversion  subsystem is t o  employ r e f l e c t i v e  membranes t o   c o n c e n t r a t e   t h e   s o l a r  
energy   on   the  cel ls .  The r e f l e c t i v e  membranes increase t h e   s o l a r   e n e r g y   f a l l i n g   o n  
t h e  ce l l s  a n d   t h e r e f o r e   t h e   h i g h   c o s t   s o l a r  c e l l s  are p a r t i a l l y   r e p l a c e d   b y   t h e   u t i l i z a .  
t i o n  of low  weight,  low c o s t   r e f l e c t i v e  membranes.  The s u r f a c e   r e f l e c t i v i t y  and 
o p t i c a l   p r o p e r t i e s   o f   t h i n   r e f l e c t i v e  membranes  under  tension i n   t h e   s p a c e   e n v i r o n m e n t  
is p r a c t i c a l l y   n o n - e x i s t e n t .  These d e s i g n   d a t a  are c r i t i ca l  f o r   t h e   d e s i g n   o f  a s o l a r  
c o n c e n t r a t o r   p h o t o v o l t a i c  power conversion  subsystem. 

" . " . 

TECHNICAL  OBJECTIVES 
The o b j e c t i v e   o f   t h i s   e f f o r t  is t o , d e t e r m i n e   t h e   s t a t e - o f - t h e - a r t   o f   t h i n   f i l m   r e f l e c -  
t i v e  membranes fo r   space   mi s s ions   and  asess techniques   for   deve loping   manufac tur ing  
methods for  thinner  gages  and  improved  performance.  Perform tests of t h e  membranes 
to   de t e rmine   t he   su r f ace   and   op t i ca l   p rope r t i e s   fo r   u se   i n   t he   des ign   o f   t he  SPS 
c o n c e n t r a t o r   c o n f i g u r a t i o n s .  

APPROACH 

Contac t   vendors   and   coa t ing   f i rms   to   de te rmine   the   s ta te -of - the-ar t   o f   re f lec t ive  
t h i n   f i l m   t e c h n o l o g y .   D e t e r m i n e   r e f l e c t i v i t y   v a l u e s   f o r   t h i n   f i l m  mernbranes  based 
on c o a t i n g   t h i c k n e s s ,   s u r f a c e   p r o p e r t i e s ,  membrane tens ion ,   a t tachment   devices ,   and  
manufactur ing  and  deployment   techniques.   Derermine  tolerance  var ia t ions on c o a t i n g s  
and membrane th i cknesses .   De te rn ine   impac t   o f  membrane s i z e  and  a t tachment   device 
o n  r e f l e c t i v i t y .  Assess v a l u e  o f  p r o t e c t i v e   c o a t i n g s  and s e l e c t i v e   f i l t e r s  on 
r e f l ec to r   pe r fo rmance .  
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

1 
0 TASK  TITLE REFLECTOR PERFORMANCE TESTS 

0 MILESTONE  SCHEDULE 

0 RESOURCE REQUIREMENTS I FY 80 I FY 81 I FY 82 I 
FUNDING $100 K $250 K $150 K 

FACI LlTlES 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

I 
0 TASK TITLE HIGH VOLTAGE (40 KV) SOLAR  CELL  STRING  DESIGN 

" 
.. . 

JUSTIFICATION 

H i g h   v o l t a g e   s o l a r   a r r a y s  w i l l  b e   r e q u i r e d   t o   o b t a i n  a p r a c t i c a l  SPS d e s i g n  
conf igu ra t ion .   H igh   vo l t age   a r r ays   have   t o   be   des igned ,   deve loped   and   t e s t ed  
fo r   space   u se .   H igh   vo l t age   ana ly t i ca l   and   des ign   da t a   fo r   so l a r   a r r ays  is 
non-ex i s t en t   fo r   space   app l i ca t ions .  A des ign   and   deve lopment   e f for t  i s  r e q u i r e d  
i n   o r d e r   t o   o b t a i n   t h e   b a s i c   t e c h n o l o g y   d a t a   f o r   u s e  i n  t h e   d e s i g n   a n d   s i z i n g  
s t u d i e s   f o r   t h e  SPS. 

0 TECHNICAL OBJECTIVES 

I n v e s t i g a t e   t h e  c e l l  b l anke t   des ign  as t o   i n t e r c o n n e c t i o n s ,   d i e l e c t r i c   s t r e n g t h ,  
p l a s m a   l e a k a g e   e f f e c t s ,   a n d   s p a c e c r a f t   c h a r g i n g   i s o l a t i o n .  Assess series pa ra l l e l  
a r r a n g e m e n t s ,   e f f e c t s   o f  c e l l  shadowing  and  var ia t ion i n  s o l a r   i n t e n s i t y  on t h e  
a r r a y  and  voltage  form. 

~~ 

~ 

0 APPROACH 
Analyze   and   de f ine   po ten t i a l   p rob lems   o f   t he   base l ine   h igh   vo l t age   a r r ay .   Conf igu re ,  
t es t  a n d   e v a l u a t e   h i g h   v o l t a g e   s o l a r  c e l l  s t r i n g s  on t y p i c a l   b l a n k e t   a n d   s t r u c t u r e  
c o n f i g u r a t i o n .   D e t e r m i n e   d i e l e c t r i c   c h a r a c t e r i s t i c s   o f   a r r a y   s t r i n g  as a f u n c t i o n  
of   vo l tage ,  materials o f   cons t ruc t ion ,   and   s imula t ed   on   o rb i t   env i ronmen ta l   e f f ec t s .  
Analyze  and  reduce test d a t a   f o r   u s e  i n  t h e   d e s i g n   o f   h i g h   v o l t a g e   s o l a r  arrays.  



SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

f 

'\ 0 TASK TITLE HIGH VOLTAGE (40 KV) SOLAR CELL STRING 
- - 

NOTES: 

0 RESOURCE REQUIREMENTS I FY 80 I FY 81 FY 82 -1  ~ " .~ . -  I 
FUNDING $50 K $50 K $100 K 

FACl  LlTlES TBD TBD 
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" -. 

~~~~ 

L TECHNOLOGY  TITLE SPS POWER DISTRIBUTION TECHNOLOGY 

0 TECHNICAL "" SUMMARY 

The primary  objective  of  the PDS early research is  to  develop  mathematical  models  of 
the  overall PDS and  to investigate  lightweight  approaches  for  high  power/voltage  dc 
to  dc  converters  and  switchgear.  Mathematical  models  would  be  developed  to  evaluate 
load  variations,  spacecraft  charging  and  transient  effects  upon  the  PDS.  Non-magnetic 
(unique  coupling)  approaches  for  dc  converters  would  be  .investigated  to  eliminate 
transformers  and  from  experimental  results  extend  weight  projections  from  0.5 kg/kW 
to  0.197  kg/kW.  Switchgear  research  would  demonstrate  the  validity  of  crossfield 
discharge  tube  switchgear  concept  and  verify  weight (.00682 kg/kW),  efficiency (99.9%) 
and,  size 5 mW  to (300 mW). 
In  addition,  analyses  will  be  performed to  determine  whether  superconductivity is cost 
effective  for SPS applicat$on  and  how  it  could  be  best  utilized  for  power  distribution 
Various  materials will be evaluated  for  use  in  slip-rings  and brushes, including 
joining  techniques  for  flat  conductors. 

0 TASK SUMMARY - SK 
High  Voltage/Current  Transmission  Simulation,  dc  Converter 
and  Switchgear  Investigation 650 
Spacecraft  Charging  Analysis 95 

Slip-RingIBrushes  Material  Investigation  120 

Flat  Conductor  Joining  Processes  Experiment 60 
Superconduct.  Cable  Invest.  125 

$1050K 



SPS SUPPORTING RESEARCH & TECHNOLOGY  TASK  PLAN 

0 TASK  TITLE HIGH-VOLTAGE/CURRENT  TRANSMISSION SI"UI,ATION 

0 JUSTIFICATION 
With an orbiting  power  station,  it  is  essential  that  load  variations,  transients  and 
faults  be  determined so that  proper  control  requirements  can  be  established  to  insure 
continuous  power  transmittal to  the  ground  station. It therefore,  becomes  essential 
that mathematical  models  be  developed  for  computer  simulation  to  investigate  load 
variations,  transients  and  fault  detection  schemes.  The  simulation  would  then aid 
in  locating  critical  areas  where  sensors  could be located so that  proper  corrective 
action  could  be  taken.  Two  major  goals  for  the  SPS early.research  are weight  reduc- 
tions  in  dc  converters down to 0.197 kg/kW and  validation  of  a  switchgear  concept  in 
terms  of space  application to achieve  weight,  efficiency, and size as  required  for  the 
SPS. 

0 TECHNICAL  OBJECTIVES 
The  objectives  of  the  high  voltage/current  transmission  simulation  and  component 
investigation's  are  as  follows: (1) Develop  mathematical  models  of  components  and 
loads; ( 2 )  Develop  overall PDS mathematic  model; ( 3 )  Investigate  load  variation  effec.ts; 
( 4 )  Investigate  transient  effects; ( 5 )  Investigate  fault  detection  (perform  short  cir- 
cuit  analysis); (6) Investigate  EM1  effects  and  where  filtering  should  be  employed; 
( 7 )  Brassboard  development  and  construction  of a 10 kW dc  converter  to  extend  weight 
projection  from 0.5 kg/kW to 0.197 kg/kW; and ( 8 )  Design and  demonstrate  brassboard 
switchgear  to  verify weight,  efficiency, and  size. 

0 APPROACH 
This  project will  be divided  into  seven  areas  of  investigation.  The  first  will  be  to 
identifyland  enumerate  the  engineering  problems  which  must  be  solved  to  establish  the 
requirements  and atputs of  the  simulation.  The  second  consist  of  building  the  mathe- 
matical  models  for  the  simulator  and to  perform a baseline  configuration  run.  The 
results will be  reviewed  and  updated  where  necessary. In case of update,  a  rerun of 
the  baseline will be  performed.  The  third  consists  of  the,  actual  study  phase  of PDS, 
presentation  of  the  solutions,  and recomendations of changes  as  well  as  additions. 
The  fourth  consists  of  updating  the  models  to  the  latest  configuration  and  rerunning 
phase 3 to  insure  that  the  corrections  made  satisfies  the  requirements. The fifth 
deals  with  investigation  of  materials  and  candidate  mechanizations  of  dc  converter  and 
switchgear  designs,  sixth  is  the  design  exploratory  tests,  seventh  is  the  brassboards 
design  and  demonstration.  Materials  that  will  be  investigated  for  the  dc  converters 
include  lightweight  high  performance  ferrites,  composite  hybrid  materials,  doping  of 
conductors  with  oriented  magnetic  materials. In addition,  investigations  will  be  made 
of new  semi-conductors  for  higher  frequency,  new  coupling  techniques  and  multiple 
function  component  technology,  and  cooling  techniques.  Switchgear  design  exploratory 
tests will be  performed  with  available  hardware  prior  to  design  and  demonstration  of 
brassboard  design. 

7 " 
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0 MILESTONE  SCHEDULE 

NOTES: 

0 RESOURCE REOUIREMENTS 1 FY 80 I FY 81 I FY 82 I 
FUNDING SK 150 200 100 

F- FACl LIT1 ES 
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 
~~ ~ ~~~ ~ . ~~ ~~ ~ . . ~~ ~~ 

0 TASK  TITLE SPACECRAFT CHARGING ANALYSIS 

0 JUSTIFICATION 

I n   p r e v i o u s   s p a c e c r a f t   v e h i c l e s ,  it has   been   found   t ha t   unde r   ce r t a in   env i ronmen ta l  
c o n d i t i o n s   s p a c e c r a f t   c h a r g e   a f f e c t e d   v a r i o u s   e l e c t r o n i c   f u n c t i o n s .  Some o f   t h e s e  
phenomenons  have  been i n v e s t i g a t e d   a n d   r e p o r t e d .   S i n c e  the SPS is  r e q u i r e d   t o  
transmit cont inuous  power  from t h e  s a t e l l i t e  t o  the   g round,  i t  i s  a p p a r e n t   t h a t  a 
spacecraf t   charge  model   be  developed for de te rmin ing   spac ing   cha rge   e f f ec t s   on   t he  
PDS and  subsystems. 

0 TECHNICAL  OBJECTIVES 

1. Review exis t ing   spacecraf t   charge   math   models   and   de te rmine  how they   could   be  
implemented. 

2 .  Develop   spacecraf t   charg ing   mathemat ica l   model   for   the  SPS. 

3 .  P e r f o r m   c o o r d i n a t i o n   w i t h   s i m u l a t i o n   e n g i n e e r s   f o r   i n c o r p o r a t i n g   t h e   s p a c e c r a f t  
charge   matherna t ica i   model   in to   the   overa l l  PDS s imula t ion   model .  

0 APPROACH 

T h i s   p r o j e c t  w i l l  b e   d i v i d e d   i n t o   t h r e e   p h a s e s .  The f i r s t   p h a s e   c o n s i s t s  o f  a 
review of ex i s t ing   spacec ra f t   s imu la t ion   mode l s   t o   de t e rmine   whe the r   t hey   cou ld  
b e   u t i l i z e d   i n   t h e   o v e r a l l   s i m u l a t i o n  model o r   whe the r  new models  would  have  to 
be   deve loped   for   the  SPS c o n f i g u r a t i o n .  The second  phases   cons is t s   o f   deve lop-  
ing a su i t ab le   ma themat i ca l   mode l   t o   be   u sed   i n   con junc t ion   w i th   t he  PDS o v e r a l l  
mathematical   model.   After  model  has  been  completed,   simulation w i l l  be  made t o  
confirm  accuracy of model. The l a s t  p h a s e   c o n s i s t s  of i n t e r f ac ing   w i th   s imu la -  
t i on   eng inee r s   fo r   i nco rpora t ing   t he   mode l   i n to   t he   ove ra l l  PDS simulat ion  model  
and a l s o   p a r t i c i p a t e   i n   t h e   s i m u l a t i o n   e v a l u a t i o n .  
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. .  
\ 0 TASK TITLE SPACECRAFT CHARGING liruALYSIS 

0 MILESTONE  SCHEDULE 

I CY 1980 I CY 1981 I CY 1982 1 I r  

NOTES: 

~ 

0 RESOURCE REQUIREMENTS I FY 80 I FY 81 I FY 82 1 
FUNDING SK 95 

FACI LIT1 ES 
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I B TASK  TITLE SLIP-RING/BRUSH HATERIAL  INVESTIGATION 

I 
I 0 

JUSTIFICATION 

Trans fe r   o f   l a rge   amoun t s  of  power t o   h i g h   v o l t a g e s   a n d   c u r r e n t s   t h r o u g h   s l i p   r i n g s   h a s  
never  been  performed in  space .  Test and  performance  data   of   high power s l i p   r i n g s   f o r  
space  i s  c r i t i c a l  t o   t h e   s u c c e s s f u l   d e s i g n   a n d   o p e r a t i o n   o f   s l i p   r i n g s   f o r   t h e  SPS. 

0 TECHNICAL  OBJECTIVES 

The o b j e c t i v e s   o f   t h e   s t u d y   c o n s i s t   o f :  

1. A n a l y z e   s l i p   r i n g   d e s i g n   c o n c e p t s   a n d   d e t e r m i n e   p o t e n t i a l  materials t o   u s e  
f o r   t h e   s l i p   r i n g s  and  brushes.  

2 .  Es tab l i sh   p ro to type   mode l   s i ze s ,   des ign   componen t s   and   f ab r i ca t e   fo r   t e s t ing .  

3. Pe r fo rm  l abora to ry  t es t  t o  de t e rmine   e l ec t r i ca l ,   mechan ica l   and   t he rma l  
c h a r a c t e r i s t i c s  of t h e   s l i p   r i n g   a n d   b r u s h   a s s e m b l y .  

SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

0 APPROACH 

1. Review des ign   concepts   o f   on   o rb i t   s l ip   r ing   b rush   assembl ies .   Determine   s ta te -of -  
t he -a r t  of t he   t echno logy   and   de t e rmine   e l ec t r i ca l ,   mechan ica l   and   t he rma l   cha rac t e r -  
i s t i c s  and  performance  of  the  design. 

2. D i scuss   h igh   vo l t age  - h i g h   c u r r e n t   s l i p   r i n g   r e q u i r e m e n t s   w i t h   v e n d o r s .   V o l t a g e  
d r o p ,   f r i c t i o n   f a c t o r s ,  wear r a t e ,   a r c i n g ,   c u r r e n t   d e n s i t y ,   b r u s h   p r e s s u r e ,   a n d  
t e m p e r a t u r e   e f f e c t s  are c r i t i c a l   t o   t h e   d e s i g n   o f   t h e   s l i p   r i n g   b r u s h   a s s e m b l y   f o r  
l o n g   l i f e  and high  performance. 

3 .  Review SPS r e q u i r e m e n t s   a n d   d e s i g n   p r o t o t y p e   s l i p   r i n g   a n d   b r u s h e s   f o r   t e s t i n g .  

4 .  P e r f o r m   l a b o r a t o r y   t e s t i n g   o f   p r o t o t y p e   c o m p o n e n t s   a n d   c o r r e l a t e   t e s t   d a t a   w i t h  
a n a l y t i c a l   d e s i g n   r e s u l t s .  

5. Document r e s u l t s  of the   s tudy   and  tes t  programs. 
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~~ . ~~ 

- 

0 TASK TITLE SLIP RING/BRUSH MATERIAL  INVESTIGATION 
~~ ~- 

0 MILESTONE  SCHEDULE 

NOTES: 

RESOURCE REQUIREMENTS I FY 80 FY 81 I FY 82 1 
FUNDING SK 120 

FACl LIT1 5s 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

0 TASK TITLE FLAT CONDUCTORS JOINING PROCESSES  EXPERIMENT 

- JUSTIFICATION 

I n  SPS power d i s t r i b u t i o n   s y s t e m s ,   f l a t   c o n d u c t o r s  are p r e f e r r e d   b e c a u s e   t h e y   e x h i b i t  
b e t t e r   h e a t   d i s s i p a t i n g   q u a l i t i e s   t h a n   r o u n d   c o n d u c t o r s .  However,  because o f  t h e  
l e n g t h   o f   t h e s e   c o n d u c t o r s ,   t h e y   a p p e a r   h a r d   t o   h a n d l e ,   t h e r e f o r e   s e c t i o n a l i z a t i o n  
is a n e c e s s i t y .  The j o i n i n g  of t h e s e   s e c t i o n s   c o u l d   a l t e r   t h e   c h a r a c t e r i s t i c s  of t h e  
c o n d u c t o r s ,   t h e r e f o r e  it b e c o m e s   i m p o r t a n t   t o   i n v e s t i g a t e   v a r i o u s   j o i n i n g   p r o c e s s e s  
to   de t e rmine   wh ich  w i l l  produce  the  opt imum  joint .  

~~~~~ ~~~ 

0 TECHNICAL OBJECTIVES 
The o b j e c t i v e s   o f   t h e   s t u d y  are: 

1. De te rmine   mos t   f ea s ib l e   j o in ing   p rocess .  

2 .  D e t e r m i n e   e l e c t r i c a l   a n d   t h e r m a l   c h a r a c t e r i s t i c s .  

3 .  D e t e r m i n e   m e c h a n i c a l   c h a r a c t e r i s t i c s   a n d   s t r e n g t h   o f   t h e   j o i n t .  

0 APPROACH 
1. Review e x i s t i n g   f l a t   c o n d u c t o r  cable j o i n i n g   c o n c e p t s .   E s t a b l i s h  SPS c a b l e   s i z e s  

and  determine number o f   j o i n t s   t h a t  may b e  needed. 

7. E v a l u a t e   t h e   v a r i o u s   j o i n i n g   t e c h n i q u e s   s u c h  as conduc t ive   adhes ives ,   mechan ica l  
c lamping   and/or   weldments   for   po ten t ia l   use   on   the  SPS. 

3. D e s i g n   p r o t o t y p e   j o i n t   f o r   p o t e n t i a l   a p p l i c a t i o n   t o   t h e  SPS a n d   f a b r i c a t e .  

4 .  Conduct t e s t s   t o   d e t e r m i n e  e lec t r ica l  and  mechanical   performance  and  s t rength.  
Assess ease o f   o n   o r b i t   a s s e m b l y   a n d   r e l i a b i l i t y   o f   j o i n t .  

5 .  Document t h e   r e s u l t s  o f  t he   s tudy   and  tes t  program. 
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0 MILESTONE  SCHEDULE 

NOTES: 

0 RESOURCE REQUIREMENTS L FY 80 I FY 81 I FY 82 I 
FUNDING SK 60 

FACILITIES 
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SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

.O TASK TITLE SCPERCONDUCTIXG  POWER  CABLE  INVESTIGATION 

0 JUSTIFICATION 
With o r b i t i n g  s a t e l l i t e s  it is very   impor tan t   tha t   numerous   schemes   be   inves t iga ted  
f o r   p o s s i b l e   r e d u c t i o n  of t h e   o v e r a l l  power  and d i s t r i b u t i o n   w e i g h t  so t h a t   t r a n s -  
por tac ion   cos t   could   be   min imized .  One such  scheme is t h e   u t i l i z a t i o n  o f  super- 
conduc t ive   cab le s .  A c u r s o r y   a n a l y s i s   i n d i c a t e d   t h a t   w i t h   s u c h   t e c h n i q u e  a 
reduct ion   of   approximate ly  112 i n   conduc to r   we igh t   cou ld   poss ib ly   be   ach ieved .  

0 TECHNICAL OBJECTIVES 

The o b j e c t i v e s  of t h e   s t u d y  would b e   t o :  

1. Develop  exact   mathematical   physics   of   the   superconduct ive s t a t e  t o   d e t e r n i n e  
des ign   and   pe r fo rmance   pa rame te r s   fo r   h igh   cu r ren t   conduc to r   e l cmen t s .  

2 .  Analyze   l iqu id   and   vapor   ne l ium  thermal   t ransfer   conf igura t ion .  

3. Des ign   t he   c ryogen ic   r e f r ige ra t ion   subsys t em  and   t r anspor t   coo l ing   l oop  
superconduct ive   condi t ions .  

4 .  I n v e s t i g a t e  a con t ro l   sys t em f o r  ma in ta in ing  a 9 "  Kelv in  s ta te  a t  t h e  
conductor  s i te .  

0 APPROACH 

1. 

2 .  

3. 

4 .  

I n v e s t i g a t e  and   ana lyze   t he   supe rconduc t ing   cab le s .   Ca lcu la t e   hea t   l eaks ,   ope ra t ing  
t empera tu res ,   and   cab le   s i ze s  as a f u n c t i o n   o f   c u r r e n t   c a r r y i n g   c a p a c i t y ,   c o n d u c t o r  
length  and materials o f   c o n s t r u c c i o n .   D e t e r m i n e   f e a s i b l e   a n d   t h e o r e t i c a l   c r i t i c a l  
t empera tu res ,  and s a f e t y   r e q u i r e m e n t s .  

Based  on t h e   p r e l i m i n a r y   c o o l i n g   c a p a c i t y   r e q u i r e m e n t s ,   i n v e s t i g a t e   r e f r i g e r a t i o n  
concepts   and   machinery   and   s ize   the   sys tem.   Determine   vo lume,   weight ,   coef f ic ien t  
of p e r f o r m a n c e ,   a n d   s y s t e m   c a p a c i t y .   E s t a b l i s n   r a d i a t o r   s i z e   a n d   i n t e g r a t e   w i t h  
SPS conf igu ra t ion .  

Evalua te   cont ro l   requi rements   for   c ryogenic   and   superconduct ing   subsys tems.  

Document s t u d y   r e s u l t s .  
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0 TASK  TITLE SUPERCONDUCTILUG  POWER  CABLE LUVESTIGATION 
" - 

0 MILESTONE  SCHEDULE 

NOTES: 

0 RESOURCE REQUIREMENTS I FY 80 I FY 81 I FY 82 I 
FUNDING SK 75 50 

FACl LIT1 ES 
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~ 

TECHNOLOGY  TITLE SPS STRUCTURES TECHNOLOGY 

TECHNICAL  SUMMARY 

The  objective of this  experimental  research is  to  develop  technology  associated  with 
specific  aspects of the  structural  subsystem  of  an  SPS  (Solar  Power System).  Optimum 
structural  element  shapes  will  be  developed  based on design, analysis  and  test  data. 
Advanced  composite  material  systems  will  be  selected  for SPS structures,  applications 
and mechanical  properties  of  those  systems will be  deve1,oped.  Mathematical  simulation 
of  SPS configurations,  utilizing  test  determined  stiffnesses,  damping  valves,  etc., 
will be  generated  and  subjected  to  simulated  operational  environments  to  determined 
"as  designed"  structural  integrity  including  operational  stress  levels  and  satellite 
distortions.  SPS  structure  construction  scenarios will be  generated,  construction 
equipment  defined  and  conceptually  designed,  and a plan  generated  for  the  ground  and 
on-orbit  technology  deveiopment  of  this  equipment.  Attitude  and  figure  control 
technology  and  ACS  propulsion  system  research  is  also  included  in  this  effort. 

0 TASK SUMMARY 

Beam  Element  Optimization 

Materials  Development 

Numerical  Characterization 

Construction  Equipment  Development 

Attitude  and  Figure  Control  Techniques 
for  Flexible  Large  Structures 

To  tal 

200 

400 

500 

500 

500 

2100 
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0 TASK TITLE BEAM ELEMENT  OPTIMIZATION 

0 JUSTIFICATION 
At  the  heart  of an SPS (Satellite Power System) large  space  structure is the  beam 
element  fabricated  on-orbit  by a  beam  builder  or  machine.  This  beam  element  consists 
of  u.ltra  thin-walled  lightweight  cap  sections,  transverse struts, and  diagonal  braces 
combined  to  form an open  triangular  shape  from  either  aluminum  or  composite  materials. 
The  allowable  operating  stress, a, is  a  function of  both  general  buckling  and  local 
crippling  of  the  selected  material  as  influenced  by  the  operating  temperature  and 
eccentricities  caused  by  temperature  gradients  through  the  section,  manufacturing 
irregularities  and  joint  efficiencies.  Optimized  specific  strength  can  only  be 
determined  by  design  variations  supported  by  detailed  mathematical  simulation  coupled, 
finally,  with  hardware  testing. 

0 TECHNICAL  OBJECTIVES 
Develop  optimized  cap  and  transverse  strut  configurations  compatible  with: 

Materials 
Beam  Builder  Concepts 
Force and Torque  Levels 
Ground  Processing  Techniques 

0 APPROACH 
This  task will consist  of  three ( 3 )  phases  conducted  serially. The first  phase will be 
directed  toward - establishing  the  design  requirements  and  criteria  for  a  beam  element 
based on existing  study  results  from all government  and  industry  sources. 

The  second  phase will be  an  iterative  design  and  analysis  process.  This will result  in 
one  or  more  potentially  optimum  designs  for  both  the  1ong;ltudinal  cap  section  and  the 
transverse  strut  including  joining  details. 
The third  phase will consist  of the  fab  and  test  of  the  designjs resulting  from 
Phase 2 .  

I " 
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0 TASK  TITLE STRUCTURAL DESIGN CRITERIA AND VERIFICATION 

~ 

NOTES: 

0 RESOURCE REQUIREMENTS I FY 80 I FY 81 1 FY 82 I 
FUNDING 150 K 50 K 

FACl LIT1 ES YES YES NO 
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- 

~~ 

~ ~~ 
" ~ 

0 TASK TITLE MATERIALS DEVELOPMENT 

0 JUSTIFICATION, Advanced  composite material systems  have a h i g h   p o t e n t i a l   f o r  
e x t e n s i v e   a p p l i c a t i o n   t o  SPS a n d   o t h e r   l a r g e   s p a c e   s t r u c t u r e s .   T h e i r   h i g h   s p e c i f i c  
s t i f f n e s s , l o w   c o e f f i c i e n t   o f  thermal expans ion  (a) and the low  ene rgy   r equ i r ed   t o  
form  and  weld o r  bond  them t o g e t h e r  make them  extremely a t t ract ive from a t e c h n i c a l  
po in t   o f  view. Opera t iona l   thermal   envi ronments  (>300°F) t h a t  would e l i m i n a t e  
aluminum a l l o y  as  a s t r u c t u r a l  material would a l s o  eliminate state-of- the-ar t   composi te  
systems  such as graphi te /epoxy  and   d ic ta te   the   use   o f   an   advanced   h igh   tempera ture  
system that u s e s  a matrix material such  as  polyimide  based resin. The  requirement   for  
o n - o r b i t   f a b r i c a t i o n  may d i c t a t e  a compos i t e   sys t em  tha t  is classified as a thermo- 
p l a s t i c  rather than t h e   t h e r m o s e t t i n g   s y s t e m s   u s e d   f o r   a e r o s p a c e   s t r u c t u r e s   t o d a y .  - 
To apply   these   advanced   sys tems  to  a d e t a i l e d  SPS s t r u c t u r e   d e s i g n  w i l l  r e q u i r e   t h a t  
- a  cumplete set- o f   m e c h a n i c a l   p r o p e r t i e s   d a t a   b e   g e n e r a t e d  t o  supp ly   t he   des igne r   and  

s t r u c t u r a l   a n a l y s t   w i t h  material des ign   a l lowables .  

0 TECHNICAL  OBJECTIVES 
Develop a des ign   da t a   gu ide   fo r   cand ida te   advanced   compos i t e  material sys t ems   w i th   t he  
g r e a t e s t   p o t e n t i a l   f o r   a p p l i c a t i o n   t o   a n  SPS s t ruc tu ra l   subsys t em.   Th i s   da t a   gu ide  
w i l l  be similar i n   c o n c e p t   a n d   l e v e l   o f   d e p t h   t o  "Metallic Materials & Elements   for  
Aerospace   Veh ic l e   S t ruc tu res  (MIL-HDBK-5B)". 

0 APPROACH 

This  program will c o n s i s t   o f   t h r e e  (3) phases   conduc ted   s e r i a l ly .   The   f i r s t   phase  w i l l  
be  the  development  of material r e q u i r e m e n t s   a n d   c r i t e r i a   b a s e d   o n   r e s u l t s   o f   e x i s t i n g  
Government   and  aerospace  contractor  SPS sys t ems   s tud ie s .   Th i s  w i l l  c o n s i s t   p r i m a r i l y  
of de t e rmin ing   t he   env i ronmen t   t he  materials w i l l  b e   s u b j e c t e d  t o  th roughout  the 
mis s ion   f rom  l aunch   t o   end   o f   l i f e .  

Phase TI w i l l  c o n s i s t  of material sc reen ing  tes ts  r e s u l t i n g  i n  t h e   s e l e c t i o n   o f  
advanced  composite material s y s t e m s   w i t h   t h e   h i g h e s t   p o t e n t i a l   f o r   a p p l i c a t i o n   i n   t h e  
env i ronmen ta l   r eg ime   e s t ab l i shed   i n   phase  I. 

Phase 111 w i l l  be   t he   conduc t   o f   ex t ens ive   mechan ica l   p rope r t i e s   t e s t ing   t o   deve lop  
3 a d e s i g n   a l l o w a b l e s   c o n s i s t e n t   w i t h   s t a n d a r d  ASTM methods. The r e s u l t  w i l l  be a 
d e s i g n   d a t a   g u i d e   f o r   u s e  i n  d e t a i l e d  SPS s t r u c t u r e   d e s i g n .  
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0 TASK  TITLE MATERIALS DEVELOPMENT 

. . - "_ " . -. . " . - -. -. - 
~~~~ . 

~~~ ~ . . 

0 MILESTONE  SCHEDULE 

0 RESOURCE REQUIREMENTS 1 FY 80 I FY 81 FY a2 

FUNDING $100 K $150 K $150 K 

FACl LIT1 ES 
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0 JUSTIFICATION E s s e n t i a l   t o  the Success  of the SPS system is  i ts  s t r u c t u r a l   i n t e g r i t y  
du r ing   a s sembly   and   ope ra t ron .  The SPS be ing   ve ry   l a rge   and   ve ry   complex ,  is n o t  
a m e n a b l e   t o   g r o u n d   q u a l i f i c a t i o n  test v e r i f i c a t i o n   h e n c e  i t  w i l l  demand a c c u r a t e  
a n a l y t i c a l   m e t h o d s   t o   d e t e r m i n e   l o a d s ,  stresses, and  dynamic  behavior.   Such a l a r g e  
and  complex  system  must  employ  computer  methods t o   d e t e r m i n e   s u c h  items as the  dynamic 
b e h a v i o r   o f   t h e   s t r u c t u r e   f o r   c o n t r o l   a n d   t h e   r e s p o n s e s   f r o m   t h e   c o n t r o l   s y s t e m ;   t h e  
i n d u c e d   l o a d s   f r o m   a n t e n n a   m o t i o n ;   t h e   e f f e c t s   o f   r a p i d   t h e r m a l   t r a n s i e n t s ;   d e f l e c t i o n  
o f   t h e   s y s t e m   f o r   p o i n t i n g   a c c u r a c y ;  member s i z e s   f o r   r e q u i r e d   s y s t e m   s t i f f n e s s e s ;   a n d  
o t h e r   r e l a t e d   s t r u c t u r a l   b e h a v i o r .  To use   the   computer   p rograms w i l l  r e q u i r e  a math 
model   of   the   system. The s i z e   a n d   c o m p l e x i t y   o f   t h e   s y s t e m  w i l l  r e q u i r e   t h a t   t h e  model 
be  made i n   s t e p s   a n d   b u i l t  up f r o m   t h e   s u b e l e m e n t s   t o   t h e   o v e r a l l   s y s t e m ,   a n d   p a r t i c u -  
l a r l y   f o r   t h e   u s e   i n   t h e  d y n a m i c   a n a l y s i s   t h a t  some d e g r e e s   o f   f r e e d o m   b e   o m i t t e d ,   y e t  
a c c u r a t e l y   r e p r e s e n t   t h e   f i n a l   s t r u c t u r e .  The a n t e n n a   s t r u c t u r e ,   p a r t i c u l a r l y   t h e  
n e t t i n g   s t r u c t u r e ,   m u s t   b e   m o d e l e d   s e p a r a t e l y ,   s i n c e   t h e   s t i f f n e s s   o f   s u p p o r t   s t r u c -  
t u r e   a n d   t h e   s t i f f n e s s   o f   t h e   w e b b i n g   a r e   o r d e r s  of  magn i tude   apa r t ,   c aus ing  ill- 
condi t ioned   mat r ices   wi th in   the   computer   p rograms.  Once t h e   s t r u c t u r a l   m o d e l s  are 
complete  and i n   u s e ,   t h e y   m u s t   b e   u p d a t e d   a n d   r e f i n e d   b a s e d   o n  test d a t a  f rom  both 
ea r th   and   space  test  p r o g r a m s   w h i c h   d e a l   w i t h   d i f f i c u l t   p r e d i c t a b l e   f a c t o r s  as j o i n t  
s t i f f n e s s ,   c r i p p l i n g  stresses, s h a p e   f a c t o r s   f o r   l o a d i n g   a n d   b u c k l i n g   o f   v e r y   l o n g  
t h i n   s e c t i o n s ,   e c c e n t r i c i t i e s   d u e   t o   m a n u f a c t u r i n g   a n d   a s s e m b l y ,   a n d   c h a n g e s   i n  
s t r u c t u r a l ' p r o p e r t i e s   d u e   t o   l o c a l   t h e r m a l   v a r i a t i o n s .  

' 0 TECHNICAL OBJECTIVES 

- Develop  subelement  and  component  models f o r  SPS s t r u c t u r e   f o r   u s e   i n   l o a d s ,  
s t r e s s ,   t he rma l ,   and   dynamic   ana lyses .  

- V e r i f y   a n a l y t i c   s t r u c t u r a l   b e h a v i o r  of SPS subelement   and  components   with  tes t  
r e s u l t s .  

- Ref ine   and   upda te   t he   compute r   s t ruc tu ra l   mode l   due   t o   bo th   ana ly t i c   and   t e s t  resu l t s .  

- Use o f   t h e   s t r u c t u r a l  model as  a n   e f f e c t i v e   d e s i g n   a i d   i n   t h e   d e s i g n  and a n a l y s i s   o f  
a l i g h t w e i g h t ,   l o n g - l i f e ,   a n d   a n   e f f i c i e n t   s t r u c t u r a l   s y s t e m   f o r   t h e  SPS a n d   s i m i l a r  
l a r g e   s p a c e   s t r u c t u r e s .  

- 
@APPROACHThis t a s k  w i l l  be   accompl i shed   i n   fou r   ove r l ay ing   phases .   Phase  I w i l l  c o n s i s t  

of t h e   m o d e l i n g   o f   t h e   b a s i c   s u b e l e m e n t   s t t u c t u r a l  members t o   d e t e r m i n e   t h e i r   s t i f f n e s s  
d u e   t o   t h e i r   l i g h t w e i g h t e d   ( c u t o u t s )   d e s i g n   c o n f i g u r a t i o n .   I n   a d d i t i o n ,   P h a s e  I w i l l  
i n c l u d e  a s tudy  to   determine  which  major   computer   program,  Nastran  or   Stardyne,   should 
b e  used.  Two problems exist i n   t h e   N a s t r a n   p r o g r a m .  The f i r s r :  is a method to   hand le  
t h e   p r e t e n s i o n  X-tie b r a c i n g s  when t h e   b r a c i n g   g o e s   i n t o   c o m p r e s s i o n .  The second  problem 
is t h e   i n a b i l i t y  of N a s t r a n   t o   h a n d l e  beam e lements   wi th   running   loading   and  stress 
r e c o v e r y   t h e r e o f .  

Phase 11, u s i n g   t h e   r e s u l t s   o f   P h a s e  I, w i l l  c o n s i s t   o f   t h e   m o d e l i n g  of the   ma jo r  compon- 
en t s   u s ing   subs t ruc tu r ing   me thods .   The   an tenna   s t ruc tu re   (webb ing   and   equ ipmen t   suppor t  
by the  webbing)  w i l l  b e   t r e a t e d  as a separate u n i t ,  a n d   n o t   i n c l u d e d   i n   t h e   o v e r a l l  



s t r u c t u r a l   s y s t e m   d u e   t o  i t s  very   low  s t i f fness   compared   to   the  rest of t h e  
s t r u c t u r e .  However, t he   e f f ec t s   o f   t he   an t enna   webb ing   and  mass w i l l  b e   i n -  
cluded i n   t h e   o v e r a l l   s y s t e m  model.  Both stress and  dynamic  models will b e  
prepared .  

The r e s u l t s  will b e   i t e r a t e d   t o   d e t e r m i n e   c o n t r o l   p r o p e r t i e s ,   r e m o v a l  of  
u n d e s i r a b l e   d y n a m i c   c h a r a c t e r i s t i c s ,   t h e   p r e l i m i n a r y   s i z i n g  of  t h e  members, 
d e t e r m i n a t i o n  of de f l ec t ions   o f   t he   s t ruc tu re   du r ing   a s sembly   and   ope ra t ing  
l i f e ,  and t h e   b e h a v i o r  of t h e   s t r u c t u r e   u n d e r   r a p i d   c h a n g e s   i n   t h e r m a l   e n v i r -  
onments. 

Phase I V  w i l l  over lap   Phase  111, u s i n g   t h e   r e s u l t s  of tests which w i l l  d e t e r -  
m i n e   t h e   e f f e c t s  of j o i n t   c o n n e c t i o n s ,   m a t e r i a l   p r o p e r t i e s   u n d e r   l o n g - l i f e  
c o n d i t i o n s ,   c r i p p l i n g   a n d   b u c k l i n g   b e h a v i o r   o f   l o n g   e x t r a - t h i n   s e c t i o n s ,   a n d  
o ther   re la ted   da ta ;   the   computer   p rogram  models  w i l l  b e  a l t e r e d  and  updated. 
In   addi t ion,   the   computer   program  models  w i l l  be   used   to   p red ic t   the   behavior  
o f  tes t  a r t i c l e s .  A f t e r   t e s t i n g ,   t h e   c o m p u t e r   r e s u l t s   a n d  t e s t  r e s u l t s  will 
be  compared,  with t es t  r e s u l t s   b e i n g   i n c o r p o r a t e d   i n t o   t h e   m o d e l s .  

* 

Phase 111 w i l l  b e   t h e   a n a l y t i c a l   p h a s e .   I n   t h i s   p h a s e ,   u s i n g   t h e  stress and 
dynamic  models ,   var ious  loading  and  thermal   prof i le   cases  w i l l  b e   r u n   t o  
c h e c k   o u t   t h e   s t r u c t u r a l   b e h a v i o r   o f   t h e   s y s t e m ,   b o t h   f o r  stress and  dynamics. 
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0 TASK  TITLE NUMERICAL  CHARACTERIZATION 
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0 MILESTONE SCHEDULE 

PHASE I - STRESS AND DYNAMIC 
SUBELEMENT  MODELING 

L W J  I I 1 1 

.. 

PHASE I1 - STRESS AND DYNAMIC 
" 
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~ ~- I 
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ALUALYSIS OF SPS SYSTEM I 
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I SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

1 
: 0 TASK TITLE CONSTRUCTION  EQUIPMENT  DEVELOPMENT 

f ~~ ~. 
~~ 

0 JUSTIFICATION Because  of i ts massive s i z e ,  t h e   s u c c e s s   o f  an SPS ( S a t e l l i t e  Power 
System) is dependent on t h e   a b i l i t y   t o   a c c o m p l i s h  a m a j o r   p o r t i o n   o f   t h e   c o n s t r u c t i o n  
a c t i v i t y   o n - o r b i t .   O n - o r b i t   c o n s t r u c t i o n  w i l l  n e c e s s a r i l y   r e q u i r e   t h e   e a r l y   d e f i n i t i o n  
of   construct ion  equipment  so t h a t   t h e i r   e a r l y   t e c h n o l o g y   v e r i f i c a t i o n   d e v e l o p m e n t  
a c t i v i t y  can be   def ined   and   accompl ished   in  a time f rame  compat ib le   wi th   o ther   phases  
of  the  program. The beam b u i l d e r  is an example of on-orb i t   cons t ruc t ion   equipment .  
Almost  every SPS study  conducted  by NASA a n d   t h e   a e r o s p a c e   i n d u s t r y   h a s   i d e n t i f i e d  
t h i s  piece of  equipment as  be ing   necessa ry   and   r equ i r ing   ea r ly   deve lopmen t .   The  
i d e n t i f i c a t i o n  of o the r   cons t ruc t ion   equ ipmen t s ,   wh ich  may be  even  more  complex  than 
t h e  beam b u i l d e r  must  be  accomplished i n  t h e   n e a r  term f u t u r e .  To d o   t h i s ,  an SPS 
conf igura t ion   mus t   be   se lec ted   and   subjec ted   to  a d e t a i l e d   c o n s t r u c t i o n   s c e n a r i o   t h a t  
w i l I  i d e n t i f y  t h i s  equipment. 

/- 0 TECHNICAL OBJECT~VES 

I d e n t i f i c a t i o n  and   pre l iminary   des ign   of  SPS on-orb i t   cons t ruc t ion   equipment   a long  
wi th  a p l a n   f o r  the ground  and  on-orbi t   technology  development   act ivi ty .  

0 APPROACH 
T h i s   p r o j e c t  w i l l  cons i s t   o f   t h ree   ove r l ay ing   phases .   Phase  I w i l l  c o n s i s t  of t h e  
development of an end- to-end   cons t ruc t ion   scenar io   s ta r t ing   wi th   payload   modules  as 
d e l i v e r e d   t o   t h e   c o n s t r u c t i o n   s i t e   a n d   e n d i n g   w i t h   t h e   c o m p l e t e d   c o n s t r u c t i o n   o f   t h e  
s a t e l l i t e  s t r u c t u r e  and ope ra t iona l   equ ipmen t .  

Phase I1 w i l l  c o n s i s t  of t h e   i d e n t i f i c a t i o n  and   p re l imina ry   des ign   o f   cons t ruc t ion  
equipment   necessary   to   suppor t   the   scenar io   deve loped   in   phase  I. 

Phase 111 w i l l  c o n s i s t   o f   t h e   p r e p a r a t i o n   o f  a detai led  ground  and  on-orbi t   technology 
development   p lan   for   each   p iece  o f  equ ipmen t   i den t i f i ed   i n   phase  11. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK  PLAN 
~~ 

0 JUSTIFICATION T r a d i t i o n a l l y   t h e   a c h i e v e m e n t   o f   s a t i s f a c t o r y   c o n t r o l   s y s t e m / s t r u c t u r a l  
dynamic   pe r fo rmance   and   s t ab i l i t y   has   been   ach ieved   t h rough   t he   u se   o f   ana ly t i ca l   and  
g r o u n d   t e s t i n g   t e c h n i q u e s   t o   c o n f i r m   m o d e l i n g   a s s u m p t i o n s   a n d   u n c e r t a i n t i e s .  With t h e  
e x t r e m e l y   l a r g e ,   l i g h t w e i g h t   a n d   f l e x i b l e  SPS s t r u c t u r e s   f u l l - s c a l e  dynamic t e s t i n g  i s  
prec luded .   Hence ,   g rea te r   re l iance   mus t  b e  p laced   on   ana ly t ica l   t echniques   and   sub-  
scale model t e s t i n g   t o  minimize expens ive   dynamic   f l i gh t   t e s t ing   r equ i r emen t s .  The 
d i f f e r e n t   n a t u r e   o f   t h e  SPS s t r u c t u r e   w a r r a n t s  an i n v e s t i g a t i o n   t o   d e f i n e   p r e f e r r e d  
dynamic   model ing   techniques   and   requi rements   for  new modeling  developments.  

F igu re   Con t ro l  - T h e   r e q u i r e m e n t s   f o r   f i g u r e   c o n t r o l   i n c r e a s e   r a p i d l y  as a fEr.ctic;G of 
t h e   c o n c e n t r a t i o n   r a t i o  (CR) of t h e   s o l a r   c o l l e c t o r .   H i g h e r  C R ' s  f o r   p h o t o v o l t a i c  
c o U e c t o r s  are d e s i r a b l e   t o   m i n i m i z e   t h e   c o s t   o f   s o l a r  c e l l  b l a n k e t s .  The FncroAuction 
of   bending   sensors   and   e lec t romechanica l   ac t iva tors  are t h e   t y p i c a l   a p p r o a c h   t o   f i g u r e  
c o n t r o l .  New concep t s   such  as a semi -pass ive   " the rma l ly   ac t iva t ed   expans ion   j o in t "  con- 
cept o f f e r s   p r o m i s e  as a low  cos t   app roach   fo r  SPS. S imple   des ign   techniques   to   min imize  
the rma l   bend ing   a l so   war ran t   i nves t iga t ion .  

A t t i t u d e   C o n t r o l  - For  SPS new model ing   and   ana ly t ica l   too l   deve lopments  are r e q u i r e d   t o :  

1. More a c c u r a t e l y   r e p r e s e n t   t h e   f l e x i b i l i t y   o f   t h i s  class o f   s t r u c t u r e . .  

2.  I n c o r p o r a t e   t h e   d o m i n a n t   d i s t u r b a n c e s   i n t o   t h e   s t r u c t u r a l   b e n d i n g   s u c h  as t h e  
g rav i ty -g rad ien t  and the  thermal   bending  exci ta t ion  which  can  be  the  dominant  
c o n t r o l   s y s t e m   e x c i t a t i o n .  

3. To f a c i l i t a t e   t h e   a p p l i c a t i o n   o f   t h e  new deve lopmen t s   i n  modern c o n t r o l   t h e o r y  
which are  a p p r o p r i a t e   t o   t h e   c o n t r o l  of l a r g e   f l e x i b l e   s p a c e c r a f t .  

e TECHNICAL  OBJECTIVES 
- ."_______~ - ~ __=_ 

Figure   Con t ro l  - D e f i n e   p r e f e r r e d   s t r u c t u r a l   c o n c e p t s ,   p a s s i v e   d e s i g n   c r i t e r i a   t o   m i n i -  
m i z e   s t r u c t u r a l   d i s t o r t i o n ,  and r a t i o n a l e   f o r   l o c a t i n g   s t r u c t u r a l   a c t u a t o r s .   D e f i n e  
t h e   r e l a t i v e  merits of new unique   f igure   cont ro l   ac tua tors   and   compare   wi th   contemporary  
e l e c t r o m e c h a n i c a l   a c t u a t o r s .   D e f i n e   t h e   p r e f e r r e d   a p p r o a c h e s   f o r  SPS. 

A t t i t u d e   C o n t r o l  - D e f i n e   s t r u c t u r a l  dynamic  modes1 f o r   c o n t r o l   s y s t e m   a n a l y s i s   t h a t  
a c c u r a t e l y   r e p r e s e n t  SPS s t ruc tura l   concepts ;   deve lop   au tomated   computer   too ls   for   cont ro l  
sys t em  ana lys i s ;   and   de f ine   p re fe r r ed   con t ro l   so f tware   t echn iques   t o   min imize   undes i r ab le  
dynamic i n t e r a c t i o n  and f l i g h t  tes t  r equ i r emen t s   t o   con f i rm  the   s t ruc tu ra l   mode l ing .  

APPROACH 

Figure   Cont ro l  - D e f i n e   p a s s i v e   s t r u c t u r a l   t e c h n i q u e s   t o   m i n i m i z e   t h e r m a l   d e f o r m a t i o n   a n d  
a l ignment   t echniques   to   min imize   assembly   misa l ignments .   Def ine   p refer red   loca t ions   for  
s t r u c t u r a l   a c t u a t o r s ,   t h e i r   r e q u i r e m e n t s   a n d   a l i g n m e n t   a c c u r a c i e s   a c h i e v a b l e .   I n v e s t i g a t e  
the   des ign   and   per formance   ach ievable   wi th  tiew f i g u r e   c o n t r o l   a c t u a t o r   c o n c e p t s   s u c h  as 
t h e  semi-passive " t h e r m a l l y   c o n t r o l l e d   e x p a n s i o n   j o i n t . "   D e f i n e   t h e   p r e f e r r e d   s t r u c t u r e  
and f i g u r e   c o n c e p t s   f o r  SPS. 

A t t i t u d e   C o n t r o l  - I n v e s t i g a t e   t h e   r e q u i r e m e n t s   f o r  new s t ruc tu ra l   dynamics   mode l ing  
t echn iques   and   p re fe r r ed   approaches   i nc lud ing   t he  new d i s tu rbance   mode l s   app ropr i a t e   t o  
SPS (grav i ty-gradien t   and   thermal   bending   d i s turbances) .   Develop   au tomated   cont ro l   sys-  
t e d s t r u c t u r a l   d y n a m i c s   a n a l y s i s   p r o g r a m s   a p p r o p r i a t e   f o r   t h e s e   h i g h e r   o r d e r   s y s t e m s .  
I n v e s t i g a t e   t h e   a p p l i c a t i o n   o f   m o d e r n   c o n t r o l   t h e o r y   t o   m i n i m i z e   a d v e r s e   s t r u c t u r a l  
dynamic i n t e r a c t i o n .   D e f i n e   t h e   r e q u i r e m e n t s   f o r   s i m p l e   t e c h n o l o g y   v e r i f i c a t i o n   f l i g h t  
tests to   conf i rm  the   model ing .  

1 
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0 TECHNICAL  SUMMARY 
The  Rockwell  proposed  horizontal  takeoff  heavy  lift  launch  vehicle  (HTO-HLLV) 
utilizes  hydrogen  fueled  multicycle  air-breathing  engine  systems  (MC-ABES)  during 
flight  through  the  sensible  atmosphere.  The  MC-ABES  are  required to  efficiently 
operate  over  a  Mach  range  from 0 to 7 and an altitude  of 0 to 120,000 ft. The 
primary  areas  requiring  analyses  and  technological  advancement  include  engine 
cycle  performance  and  lightweight  fuel  cooled  engine and. inlet  structuresfcom- 
ponents. The objective  is  to synthesize  a MC-ABES  with  an  installed  minimum 
thrustfweight of 10 and an average  net  fuel  specific  impulse  of  approximately 
4000 sec. The ABES cycles  requiring  evaluation  and  integration  include  turbojet, 
air-turbo  exchanger  (air-turbo  rocket)  and  ramjet. 

An  argon  ion  propulsion  EOTV  is  another  essential  element in the  SPS  mass  transfer 
system.  Argon  ion  thruster  and  power  module  laboratory  testing  is  required  to 
improve  designs  and  minimize  refurbishment  requirements. 

0 TASK SUMMARY 

1. Multicycle  Airbreather  Engine  System 
(MC-ABES)  Analysis  and Component 
Development 

2 .  ACS  Electric  Propulsion  Development 

3 .  Argon Ion Thruster  and  Power  Module 
Laboratory  Testing 

$1,500 K 

1,000 K 

700 K 

$3,200 K 
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0 JUSTIFICATION 

! 0 TASK TITLE SPS TRANSPORTATION  SYSTEM - MJLTICYCLE  AIRBREATHER F.NGIXE SYSTM (MC-ABES) 
!- 

ANALYSES ALW COMPONENT DEVELOPMEST - - 

0 APPROACH 
Developladapt MC-ABES cycle  perforrnance  computer  programs.  Based  upon  the  computer 
a n a l y s e s ,   s y n t h e s i z e  a MC-ABES capable   of   providing  the  required  thrust   and  perform- 
a n c e .   C o n d u c t   p e r f o r m a n c e   s e n s i t i v i t y   a n a l y s e s   a n d   i d e n t i f y   c r i t i c a l  areas and 
components r equ i r ing   t echno log ica l   deve lopmen t .   P repa re  component  and  subsystem 
design,  development  and tes t  p lans   and   requi rements .   Conduct   l abora tory   and/or  
b readboard   mode l   t e s t ing   t o   t he  level  r e q u i r e d   t o   p r o v i d e   t h e   n e c e s s a r y   t e c h n o l o g i c a l  
base t o   a s s u r e   t h e   s u c c e s s f u l   d e s i g n / d e v e l o p m e n t   o f   t h e   r e q u i r e d   f l i g h t   h a r d w a r e  
prototype.   The  design  and  development   of   the   f l ight   hardware i s  n o t  a p a r t  o f   t h i s  
t a sk .   P repa re  a p re l imina ry  XC-AFiES s p e c i f i c a t i o n .  

The SPS e a r t h   t o  LEO o p e r a t i o n a l   t r a n s p o r t a t i o n   s y s t e m  i s  a m a j o r   c o n t r i b u t o r   t o   o v e r -  
a l l  program c o s t .  The development  of a s u i t a b l e  MC-ABES could  meet the needs of a 
f u l l y   r e c o v e r a b l e / r e u s a b l e   h o r i z o n t a l   e a r t h   l a u n c h   v e h i c l e   w h i c h   w o u l d   d r a s t i c a l l y  
r e d u c e   o v e r a l l  SPS t r a n s p o r t a t i o n   s y s t e m s   c o s t .  

~~ 

0 TECHNICAL  OBJECTIVES 
Synthes ize   and   ana lyze  MC-ABES Q i t h  a minimum t h r u s t l w e i g h t   ( i n s t a l l e d )   o f  10 t o  1 and 
a minimum a v e r a g e   n e t   s p e c i f i c   i m p u l s e   o f  4000 sec. 

I d e n t i f y   s p e c i f i c  MC-ABES components  and  subsystems  requiring  technology  development.  

I n i t i a t e   c r i t i c a l  component  development  and  testing  programs.  Components  or  subsystems 
w i l l  b e  a t  t h e   l a b o r a t o r y   o r   " b r e a d b o a r d "   l e v e l .  
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I SPS SUPPORTING  RESEARCH & TECHNOLOGY  TASK  PLAN 

TASK TITLE SPS TRALUSPORTATION  SYSTEM - MULTICYCLE  AIRBREATHER  ENGINE  SYSTEM  (MC-ABES) 
ANALYSES AND COMPONENT  DEVELOPMENT 

.~ ~ "" ~. " ~ ~~. . " ." ___ ~~ - 

0 MILESTONE  SCHEDULE 

NOTES: 

0 RESOURCE REQUIREMENTS y FY 80 I 

FUNDING 250 K 1.25 >I 

FACl  LIT1 ES NONE  NONE 

1 "_ 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

b TASK TITLE ACS ELECTRIC  PROPULSION  DEVELOPMENT 

JUSTIFICATION The ‘76 & ‘77 SPS s t u d y   e f f o r t   c l e a r l y   e s t a b l i s h e d   t h e   d e s i r a b i l i t y  
of   high  perfonnance  ( Isp 13,000 sec.), l o n g   l i f e ,  low c o s t  electric p r o p u l s i o n   f o r  
u se  in t h e  SPS A t t i t u d e   C o n t r o l  & Stat ionkeeping  Subsystem (ACSS) and f o r   t h e  Electric 
O r b i t   T r a n s f e r   V e h i c l e  (EOTV). 

Performance: The high  performance electric p r o p u l s i o n   f o r   t h e  EOTV was f o u n d   t o   r e s u l t  
i n   v e r y   s u b s t a n t i a l   c o s t   s a v i n g s  re la t ive t o  a chemical OTV. For the SPS s p a c e c r a f t  
t h e   s t a t i o n k e e p i n g  & a t t i t u d e   c o n t r o l   f u n c t i o n s  were found   t o   r equ i r e   h igh   pe r fo rmance  
propuls ion  i n  o r d e r   t o   p r e v e n t   v e r y   l a r g e   p r o p e l l a n t   r e s u p p l y   c o s t s   o v e r   t h e  s a t e l l i t e  
l i f e t i m e .  

T h r u s t e r   L i f e :  The c u r r e n t l y   e s t i m a t e d   a r g o n   I o n   t h r u s t e r   l i f e t i m e   o f  5000 o p e r a t i n g  
hours W i l l  r e s u l t   i n   l a r g e  COSC F.c-altieS f o r  ChiSsteT replacement and/or   refurbis i lment .  
Techniques   to   ex tend  the l i f e t i m e  of t h e   t h r u s t e r   g r i d s  so as t o  minimize the  o v e r a l l  
COS: ( i z t C f d  plxs serv ic ing)   should   be   pursued .  

(Check a g a i n s t  EOTV Task) 

Thrus t e r  Power P r o c e s s i n g :   T r a d i t i o n a l   e l e c t r i c   t h r u s t e r  power p r o c e s s i n g   e l e c t r o n i c s  
are  q u i t e   m a s s i v e   a n d   e x p e n s i v e .   T e c h n i q u e s   t o   u t i l i z e   r e l a t i v e l y  raw power  from t h e  
s o l a r   a r r a y s   a n d   s i m p l e r   c o n t r o l   e l e c t r o n i c s   t o   s a t i s f y   t h e   t h r u s t i n g   r e q u i r e m e n t s   o f  
t h e  SPS s p a c e c r a f t   a p p l i c a t i o n   r e q u i r e   f u r t h e r   i n v e s t i g a t i o n   i n   o r d e r   t o   d e f i n e   r e l i a b l e ,  
low  cost  power processing  techniques  equipment .  

Cryogenic   Propel lan t   S torage :  The s torage   o f   the   a rgon   propel lan t  as a c ryogen   ( r a the r  
t han   a s  a gas)  w i l l  a p p r e c i a b l y   r e d u c e   t a n k  mass and t r a n s p o r t a t i o n   c o s t s   f o r   p r o p e l l a n t  
d e l i v e r y .  The c r y o g e n i c   p r o p e l l a n t   s t o r a g e   s y s t e m s   r e q u i r e   d u r t h e r   d e s i g n   a n a l y s i s   t o  
aerme p r e f e r r e a   d e s i g n   c o n c e p t s .  

0 TECHNICAL OBJECTIVES 
- 

1. D e f i n e   t h r u s t e r   d e s i g n  parameters, s e r v i c i n g   r e q u i r e m e n t s ,  power p rocess ing  
t e c h i q u e s  and   p rope l l an t   s to rage   des ign   t echn iques  t o  min imize   t he   ove ra l l  
e l ec t r i c   p ropu l s ion   subsys t em  cos t s   (ha rdware   p lus   p rope l l an t   r e supp ly   cos t s )  
f o r   t h e  EOTV & t h e  SPS s a t e l l i t e  RCS. 

2. Confirm  the  performance & l i f e t i m e   c h a r a c t e r i s t i c s  of t h e   e l e c t r i c   t h r u s t e r s  
wi th   g round  based   tes t ing .  

3.  Develop a f l i g h t   d e m o n s t r a t i o n   t h r u s t e r   f o r   f l i g h t   v e r i f i c a t i o n   o f   p e r f o r m a n c e  
and l i f e t i m e s .  

0 APPROACH 
” 

1. Per fo rm  mis s ion   r equ i r emen t s   ana lyses   and   cos t   op t imiza t ion   s tud ie s   t o   de f ine   t he  
most c o s t   e f f e c t   t h r u s t e r   s u b s y s t e m   d e s i g n  parameters. 

2 .  P e r f o r m   p r e l i m i n a r y   a n d   d e t a i l e d   t h r u s t e r   d e s i g n s   f o r   g r o u n d   a n d   f l i g h t   v e r i f i c a t i o n  
tests. 

3 .  Perform  ground  and   f l igh t  tests t o   c o n f i r m   t h e   t h r u s t e r   p e r f o m a n c e   a n d   l i f e t i m e  
c h a r a c t e r i s t i c s .  

4-53 



SPS  SUPPORTING  RESEARCH & TECHNOLOGY T A S K  PLAN 

! ~~ 

TASK  TITLE ACS ELECTRIC PROPULSION DEVELOPMEXT 
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MILESTONE  SCHEDULE 

NOTES: 

R E S O U R C E   R E Q U I R E M E N T S  I FY 80 1 FY 81 FY 82 I 
FUNDING 300 K 350 K 350 K 
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L 

0 JUSTlFlCATlON 
The EOTV a rgon   i on   p ropu l s ion   sys t em can o n l y   o p e r a t e   e f f i c i e n t l y   ( c o m p e t i t i v e l y  and 
a d v a n t a g e o u s l y )   i f   r e f u r b i s h m e n t   r e q u i r e m e n t s  can be  minimized. It appears  from  work 
done a t  LeRC t h a t   t h r u s t e r   m o d u l e s  can b e   d e s i g n e d   t h a t  w i l l  o p e r a t e   f o r   d e c a d e s   w i t h o u t  
excessive d e t e r i o r a t i o n ,   o r  a n e e d   f o r   r e f u r b i s h m e n t ,   e x c e p t   f o r   t h e   a c c e l e r a t i n g   g r i d  
sets. The g r i d s  are s u b j e c t   t o   p o s i t i v e   i o n  bombardment, e tc . ,  and w i l l  r e q u i r e  
pe r iod ic   r e fu rb i shmen t .  A major   r edes ign   o f   t h rus t e r   modu les  is t h e r e f o r e   r e q u i r e d .  
This i n v o l v e s   n o t  only removable   g r id  sets, but  a l s o  p o s s i b l y  new materials, l a b o r a t o r y  
models ,   and  support ing tests. 

0 TECHNICAL OBJECTIVES 
Complete a EOTV m i s s i o n   a n a l y s i s  that  r e v e a l s  the set of d e s i r e d   t h r u s t e r   o p e r a t i n g  
c h a r a c t e r i s t i c s :  i . e . ,  s p e c i f i c   i m p u l s e ,   t h r u s t ,   t r i p  time, f l e e t   s i z e ,   p a y l o a d ,  
e lec t r ic  power p r o f i l e s ,  and   re furb ishment   cyc les .  

is t ics o f   t h e   m i s s i o n   a n a l y s i s .  

t h r u s t e r   g r i d s   ( s e v e r a l  a t  one  t ime)  with the   u se   o f   man ipu la to r  arms o r  some o t h e r  
arrangement.  

a tes  the .   r e fu rb i shab le   g r id   sys t em  se l ec t ed   f rom  the   s imu la t ed   a r r angemen t .  

n e u t r a l i z a t i o n ,  and g r i d   d e t e r i o r a t i o n  ra tes ,  e tc .  

0 C o n c e p r u a l l y   d e s i g n   a n d   s i z e   t h r u s t e r s   t h a t   s a t i s f y   t h e   r e q u i r e d   t h r u s t e r   c h a r a c t e r -  

0 Design   and   ver i fy ,   wi th  a s imulated  arrangement ,  a pract ical  means o f   r ep lac ing  

0 Design   and   bu i ld  a l a b o r a t o r y   t h r u s t e r  module  (one o r  more as requi red)   which   incorpor-  

0 Test t h e   t h r u s t e r  module t o  e s t a b l i s h   t h r u s t ,  beam d i v e r g e n c e ,   e f f e c t i v e n e s s   o f  beam 

0 APPROACH 
a .  

b .  

C .  

d. 

It is t h e   t a s k  of t h e   m i s s i o n   a n a l y s t s   t o   d e t e r m i n e   t h e   p r e f e r r e d  set  o f   t h r u s t e r  
o p e r a t i n g   c h a r a c t e r i s t i c s ,  i . e .  , a c c e l e r a t i n g   v o l t a g e   ( s p e c i f i c   i m p u l s e )  , beam 
c u r r e n t   ( t h r u s t ) ,   t r i p  times (LEO t o  GEO,  GEO t o  LEO), r e f u r b i s h m e n t   c y c l e s ,   s o l a r  
b l anke t  BOL power, mean e l ec t r i ca l   ou tpu t ,   annea l ing   cyc le s   and   me thods ,   pay load   pe r  
EOTV t r i p ,  number  of HLLV launches  p e r  SPS i n  GEO, t h r u s t e r   l i f e t i m e ,   e t c .  
It is n e c e s s a r y   t o   s t u d y   t h e  gross s c e n a r i o   i n   o r d e r   t o   d e t e r m i n e  minimum o v e r - a l l  
c o s t  and t o   f l a t t e n   c o s t   p e a k s .  A s e n s i t i v i t y   s t u d y  is a l s o   r e q u i r e d   t o   m i n i m i z e  
program p e r t u r b a t i o n s   f r o m  material s h o r t a g e s  or supply  problems. 

The concep tua l   des ign   and   s i z ing  w i l l  b e   c a r r i e d   o u t  so as t o   o v e r l a p   w i t h   t h e  
r equ i r emen t s   (mi s s ion )   ana lys i s .  It is a n t i c i p a t e d   t h a t   t h e   f a c i l i t i e s   a n d   e x p e r t i s e  
a s s o c i a t e d  with LeRC w i l l  b e  employed. 

It is requ i r ed   t ha t   t he   g r id s   be   r emovab le   f rom  the   f ron t .  For example,   each  gr id  
migh t   be   he ld   i n   p l ace  by a compressed  spring much l i k e  a b a y o n e t   l i g h t   b u l b .   I n  
t h i s  case a s i m u l a t e d   m a n i p u l a t o r   w o u l d   p u s h   t h e   g r i d   i n   a x i a l l y ,  t w i s t  i t  90°, and 
t h e n   p u l l  it ou t .   Th i s   t a sk   t he re fo re   mus t   examine   t he   p rob lem  o f   g r id   r e fu rb i shmen t  
i .e . ,  r ep lac ing   t he   expended   g r id   w i th  a new o r  r e f u r b i s h e d   g r i d .   P r e f e r a b l y   a n  
en t i r e  group  of   gr ids   should  be  replaced as a u n i t .  

It is a n t i c i p a t e d   t h a t   t h e   c o n s t r u c t i o n  and t e s t i n g   o f  an actual t h r u s t e r  w i l l  be 
done a t  LeRC. V e r i f i c a t i o n  of t h r u s t ,  beam d i v e r g e n c y ,   n e u t r a l i z a t i o n   e f f e c t i v e n e s s ,  
e tc . ,  are typica l   measurements  t ha t  would b e   d e s i r a b l e .  A pendulum  arrangement  for 
e s t i m a t i n g   t h r u s t  i s  a v a i l a b l e  a t  LeRC. 

I 
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NOTES: 

I 0 

RESOURCE REQUIREMENTS I FY 80 1 FY 81 I FY 82 I 
FUNDING 

FACILITIES 

150 K 250 K 

YES 

300 K 
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APPENDIX  A 

SPS ADVANCED GaAs SOLAR CELL DEVELOPMENT 

A . l  INTRODUCTION 

The t e c h n i c a l  and   p rog rammat i c   ana lyses   t o   da t e  show t h e   S a t e l l i t e  Power 
System  (SPS) t o   b e   t e c h n i c a l l y   f e a s i b l e   a n d   e c o n o m i c a l l y   v i a b l e .   T h e s e  assess- 
ments are based  on  use  of   advanced  photovol ta ic   power  conversion  devices .   Both 
s i l i con   (S i )   and   ga l l i um  a luminum  a r sen ide  (GaAs) s o l a r  c e l l  materials have 
been  proposed. 

The GaAs p h o t o v o l t a i c   s u b s y s t e m   h a s   t h e   p o t e n t i a l   o f  low w e i g h t ,   i n c r e a s -  
ed  performance,  higher resistance t o   i o n i z e d   r a d i a t i o n   l e v e l s ,  and t h e   a b i l i t y  
t o   o p e r a t e   w i t h   c o n c e n t r a t o r s   w i t h  minimum loss in   per formance   compared   to   S i  
c e l l s  and i t  shou ld   ac t ive ly   be   deve loped .  The s p e c i f i c   s o l a r   c e l l   c h a r a c t e r -  
i s t ics  are s t r o n g   “ d r i v e r s ”   t o   t h e  s a t e l l i t e  sys t em  des ign .  Key c e l l  para-  
meters and t h e i r   i m p a c t s   o n   t h e  SPS t e c h n i c a l   v i a b i l i t y  are summarized i n  
Tab le  A-1. Each p a r a m e t e r   v a l u e  shown is  c r i t i c a l   t o   o b t a i n i n g  a c o m p e t i t i v e  
s a t e l l i t e  system. 

The  concern i s  t h a t   i f   g a l l i u m   a r s e n i d e   s o l a r   c e l l s   w i t h   t h e s e   p a r a m e t e r s  
a r e n o t   a v a i l a b l e ,   t h e   s i l i c o n   a l t e r n a t i v e   s o l a r  c e l l  w i t h  its ach ievab le   cha r -  
ac te r i s t ics  w i l l  r e s u l t   i n   a n  SPS t h a t  i s  m a r g i n a l   o r   s u b m a r g i n a l   i n   a c c e p t -  
a b i l i t y   ( i . e . ,  economic v i a b i l i t y ) .  GaAs so la r   ce l l   deve lopmen t   mus t   be  
a c t i v e l y   u n d e r t a k e n   t o   d e t e r m i n e   t h e   a c h i e v a b i l i t y   o f   r e q u i r e d   p e r f o r m a n c e  
and c o s t   c h a r a c t e r i s t i c s .   M a j o r   d e c i s i o n s   m u s t   b e  made e a r l y   i n   t h e  SPS 
program r e l a t i v e   t o   c o n t i n u e d   e f f o r t s   i n   t h e  area of s o l a r  c e l l  development.  
It  is b e l i e v e d   t h a t  by t h e  end  of FY 1980 i t  is  n e c e s s a r y   t o   h a v e   t h e   a n s w e r s  
t o  a number  of t e c h n i c a l   q u e s t i o n s   t o   e n a b l e  NASA/DOE decis ion-makers   to  
recommend o n   t h e   f u t u r e   o f  SPS. 

M a j o r   i s s u e s   t o   b e   i n v e s t i g a t e d   a n d   r e s o l v e d   i n   t h i s   p r o p o s e d   s t u d y   t o   a i d  
i n   d e c i s i o n - m a k i n g   i n c l u d e   t h e   f o l l o w i n g  : 

1. 

2 .  

3 .  

4 .  

P r o j e c t e d   S o l a r  Cell E f f i c i e n c y  - R e s o l v i n g   t h e   i s s u e   o f   i n t e r f a c e  
l o s s e s   b e t w e e n   t h e   a c t i v e   g a l l i u m   a r s e n i d e   a n d   t h e   s a p p h i r e   s u b s t r a t e .  

Sapphi re   Ribbon  Thin-Fi lm  Producib i l i ty  - Technical  and  economic 
f e a s i b i l i t y  of  producing 20 pm t h i c k   c o n t i n u o u s   s a p p h i r e   r i b b o n   w i t h  
h i g h - l e v e l   q u a l i t y   c o n t r o l .  

Raw Material Cos t s  - Compounds u t i l i z e d   i n   t h e  MO-CVD p r o c e s s   ( w i t h  
improved p u r i t i e s ) .  

T e c h n i c a l   V i a b i l i t y  of A l t e r n a t i v e s   t o  GaAs/Alz03 (Sapphire)  GaAs 
Cell C o n f i g u r a t i o n  - I n c l u d e s   p e e l e d  f i l m  technology  and   o ther  
s u b s t r a t e s   s u c h  as germanium. 
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T a b l e  A - 1 .  SPS Solar Cell P a r a m e t e r s  as Design Drivers 

Parameter 

C e l l  e f f i c i r n c !  

Radia t ion  
d rg rada t  ion 

IJeigh t 

3pera t ing 
temperature 

:ost 

: a l l  t h i ckness  

SPS  CaAs Desigr 
Values 

. L. 

4;: 

> 115°C 

570.82fm2 
s o l a r   c e l l s  

5 urn a c t i v e  
;aAs reg ion  

!O urn s apph i re  
j u b s t r a t e  

Uescrip t ion 

SPS concept (CR=2) r e q u i r e s  
30 .6~106  m 2  of s o l a r   c e l l s ;  
a r ray   ou tput :   336 .6  W/m2 

::on-annealable  allovance is 
4;: a r r a y   a r e a ;   c u r r e n t  
design  assumes  self-  
a n n e r l i n g   a t  ? 125°C 

To ta l  SI'S a r r a y   v e i g l ~ t  = 

t o t a l   s a t e l l i t e   w e i g h t  

GaAs perfornance  a t  ops 
temp. %18% ( concen t r a t ion  
r a t i o  = 2.0) 

7 . 5 3 6 ~ 1 0 6  k g ;  % ? 5 X  of  

r o t a 1   a r r a y   c o s t  $3130.2 W 
( b a s i c - c e l l / r e f l e c t o r   c o s t  
$2320 M) p e r  sa te l l i te  
( i n c l u d e s   t r a n s p o r t a t i o n ,  
s t r u c t u r e s ,  power 
d i s t r i b u t e d .   a n d   c e l l /  
r e f l e c t o r s ) "  

;a l l ium  requirement   for  SPS 
%375   me t r i c   t ons  (5  a?). 

- 

( f a i l u r e   t o   a c h i e v e   v a l u e s )  

Lower e f f i c i e n c y   p e n a l i z e s :  

Impact on Design 

Array  area 
IJeight 
Arrav  cost  
T r a n s p o r t a t i o n   c o s t  
Cons t ruc t ion   schedule  

S i l icon   per fornance   could   be  
as  low as 123.6 W/m2 

Fa i lu re   t o   ach ieve   annea l ing  
Jill p e n a l i z e   a r r a y   a r e a  16;; 
€or CEO opera t ions  and 40:: 
EOTV; s i l i c o n   d e g r a d a t i o n  
3 e n a l t i e s  s t i l l  g r e a t e r  

3ubs t i t u t ion  of s i l i c o n  
3enal izes   system by 
!2.2~106 I:.Z o r  more 

.ower performance  could 
3enalize  system by fo rc ing  
1 nonconcentrated SPS 
~ 4 . 0 6 ~ 1 0 ~  kg; 1 8 . 8 ~ 1 0 6  m2 
s o l a r   c e l l s  

i i l i c o n   c e l l   c o s t   p e n a l t y  
ldds  $2126.7 M t o   a r r a y   c o s t *  

yhicker  materials  impact 
r e igh t ,   cos t ,   and  
l v a i l a b i l i t y  

R e f e r e n c e :   S a t e l l i t e  Power System  (SPS)  Concept  Definition  Study  (Exhibit C )  
Firs t   Quarter ly   Review.   Rockwell   Ipternat ional .  SD 78-"0075 (June  21-22 ,  1978) 

5. Degradation - Radiation  degradation and determination of self- 
annealing certainty. 

6. Producibility - Whether low-cost solar  cells can be produced for 
the  rate and quantity of SPS requirements,  for  both early verifica- 
tion  program and operational program. 
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A . 2  OBJECTIVE AND SCOPE 

The  objective of this  proposed  program is to  carry  out  experimental 
investigations to provide  the  technical  data  necessary  to  support -a system 
recommendation  by DOE at  the  close of 1980 regarding  the  technical  viability 
of  advanced  gallium  arsenide  solar  cells  for  the SPS program. The  program 
will  cover  a  two-year  period  of  performance  with  an  anticipated ATP early i n  
1979. The  major  scope of the  program  involves  experimental  and  analytical 
investigations of cell  structure,  cell  modeling,  design and  performance 
analysis,  cell  fabrication  and  characterization,  cell  radiation  test  and 
analysis,  material  improvements,  and  manufacturing  processes. 

A study  flow  logic  diagram is shown  in  Figure A-1,  showing  each  task  and 
proposed  output. A proposed  task  breakdown  structure  is  shown  in  Figure A-2.  
The  tasks  are  designed  to  provide  answers to the  technical  questions  that  need 
to  be  answered  before GaAs solar  cells  can  be  selected  as  the SPS solar  cell 
for  further  development. 

KOMPOUNOSl 
PROOUClBlLlTI ASSESS 

SAPPHIRE IEXPERIYENTAL 
MEN1 O F  THIN RIBBON 

EVALUATIONI 
*IMPROVE0  TECHNIOUES 

F O R  PROOL'CTION H.P 
METALORGANICS CELL  STRUCTURES 

.EXPEAIMENfALfVALUATlON 

a IOtNTIFICATION OF PROBLEMS 
RESOLUTION OF P R O B L L H S  

afXPERIYENTAL STRUCTURES 
0 SAWHIRE. A I  TERNATIVES' 

YANUFACTURIWG 

EVALUAIIONS 

PROTOTYPE  CELL FAIRICATIOI I  
P E R F O R Y I I I C E Y E A S U R I Y E I I I S  
LFFICIIWCY  PllOJEClIONS' 

[ PROTONS 
ELECTROIIS  'KEY OUTPUT 

F i g u r e  A - 1 .  S t u d y  and F l o w  O u t p u t s  
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n M V N C f D  C U  

o f v f L o m f * l  
SOUI CELL 

C I 

F i g u r e  A - 2 .  Proposed Task Breakdown 

A.3 NEED FOR PROPOSED  IKVESTIGATION 

The   sys tem  s tud ies   conducted   by   Rockwel l '   de te rmined   the   genera l   charac-  
terist ics of  an SPS c o n f i g u r a t i o n   u s i n g  GaAs s o l a r   a r r a y s   i n   p l a c e  of S i .  
S t u d y   r e s u l t s   i n d i c a t e d   t h e   p o t e n t i a l   o f  GaAs s o l a r   a r r a y s   t o  a l l e v i a t e  t h e  
severe weight/lifetime/efficiency/cost prob lems   i n  the S i   s o l a r   a r r a y   c o n c e p t .  
The s o l a r   c o l l e c t o r   a r r a y   a c c o u n t s   f o r   r o u g h l y  4 2  p e r c e n t  ( G a l s )  o f  t h e   t o t a l  
SPS w e i g h t ,   a n d   c o n s i d e r i n g   t r a n s p o r t a t i o n   c o s t s ,   a c c o u n t s   f o r   a b o u t  60 per -  
cen t   o f   t he  s a t e l l i t e  s y s t e m   c o s t s .  

T a b l e  A-2 shows a system  weight   comparison  between  Si   and G a l s  s o l a r  
ce l l s .  The   impact   on   weight   o f   rad ia t ion  damage annea lab le   a s sumpt ions  are 
i n d i c a t e d   f o r   s i l i c o n .  The t a b l e  shows a p o t e n t i a l   w e i g h t   p e n a l t y   f o r   s i l i c o n  
ranging  between 22.2X1O6 kg  and 36.82X1O6 kg. 

The t e c h n i c a l   r e q u i r e m e n t s   t h a t  make t h e   s o l a r  c e l l  approach a c o m p e t i t i v e  
s a t e l l i t e  sys tem are ve ry   demand ing .   The   p re sen t   s i l i con   approach   u ses   ce l l  
e f f i c i e n c y   o f  17 .3  p e r c e n t  AM0 (28'C) based  on  assumed 15.8 p e r c e n t   a c h i e v a b l e  
e f f i c i e n c y   p l u s  10 p e r c e n t   f o r   p r o j e c t e d   i m p r o v e m e n t s   u t i l i z i n g  a 2 - m i l   s o l a r  

' S a t e l l i t e  Power  System (SPS) Concep t   Def in i t i on   S tudy ,  NASA/MSFC c o n t r a c t  
NAS8-32475, E x h i b i t s  A/B,  F i n a l   R e p o r t s   ( A p r i l   1 9 7 8 ) .  
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Table A-2. Weight  Comparisons - Point  Designs 
" 

Parameter Annealable 

Plan  form 
Required  array power 
So la r  ce l l  area (106 m2) 
Ref lec to r  area (106 m2) 
Cell  e f f i c i e n c y  (28OC) 
Radia t ion   degrada t ion   fac tor  

Co l l ec to r   a r r ay  
S t r u c t u r e  and  mechanism 
Solar   panels  
S o l a r   r e f l e c t o r s  
Power d i s t r i b u t i o n  
Switch  gear /controls  
A t t i t u d e   c o n t r o l s  /IMs 

Antenna s e c t i o n  

Sub to ta l  
25% growth 

I Tota l  I 

71 .45  km2 
1 0 . 3  GW- 
60 .75  

17 .3% 
0 - 9 6  

,2 .229  
2s .   880  

2 .255  
.579 
.153  

- 

(31.096)  

16.297 

- 

- 
47 .393  

73.823 5 9 . 2 4 1  

7 .399   14 .765  11.848 
29.599  59.058 

36.998 

47 .393  
11.848 

5 9 . 2 4 1  

f 9 5 . 2  km2 

83 .16  

17.3% 
0 .70  

- 

Weight (106 kg) 
2 .653  

35.426 

3.812 
.682 
.188 

- 

(42.761)  

16.297 

- 

- 
59.058 

36.998  73.823 

7 .399   14 .765  
29.599 

30 .6  
6 4 . 8  
20 .ox 
0 . 9 6  

- 

2 .156  
7 .536  
1 .173  
1 . 8 6 4  

,407 
.166 

(13.302)  

16.297 

c e l l   c o n f i g u r a t i o n  a t  0 . 4 2 7  k g / m 2 .   T h e   h i g h e s t   o u t p u t   f o r   t h i n   s i l i c o n   c e l l s '  
i s  7 8 . 5  mW/4 cm2 (q = 14.5% AMO, 2 8 ' C ) .  The basic   approach  employed  to   achieve 
t h i s   h i g h   o u t p u t   i n c l u d e s   u s e  of s h a l l o w   j u n c t i o n s   a n d   o p t i m i z e d   g r i d   p a t t e r n s ,  
b a c k   s u r f a c e   f i e l d s ,   t e x t u r i z e d   f r o n t   s u r f a c e s ,   b a c k   s u r f a c e   r e f l e c t o r s ,   a n d  
h i g h e r   r e s i s t i v i t y  (50 ohm-cm) s i l i c o n   t h a n  i s  n o r m a l   f o r   s p a c e   f l i g h t  ce l l s .  

To ach ieve  s t i l l  h i g h e r   e f f i c i e n c i e s   f r o m   s i l i c o n  c e l l s  appears  improb- 
a b l e ,   p a r t i c u l a r l y   f o r   l a r g e - v o l u m e ,   l o w - c o s t   r e q u i r e m e n t s   s u c h  as SPS. It i s ,  
t h e r e f o r e ,   p r u d e n t   t o   e x a m i n e   a l t e r n a t i v e s   t o   s i l i c o n .   G a l l i u m   a r s e n i d e   l o o k s  
t o   b e  a most a t t rac t ive  s o l a r  c e l l  f o r  SPS. However, t o   b e  a v i a b l e   c a n d i d a t e  
SPS c e l l  and meet e a r l y   t e c h n o l o g y   v e r i f i c a t i o n   r e q u i r e m e n t s ,  GaAs c e l l  develop- 
ment  must  begin a t  t h e  ear l ies t  p o s s i b l e   d a t e .  

The SPS p r o g r a m   h a s   e s t a b l i s h e d   e a r l y   t e c h n o l o g y   v e r i f i c a t i o n   r e q u i r e m e n t s .  
These   requi rements  are o u t l i n e d   i n   F i g u r e  A-3. Shown i n   t h e   f i g u r e  are some 
s p a c e   f l i g h t   s y s t e m   r e q u i r e m e n t s   i n   t h e  1987 t o  1989 per iod .   These   sys tems 
p r o v i d e   t e c h n o l o g y   v e r i f i c a t i o n  when combined  with  ground test  r e s u l t s .  

'Development  of HiRh E f f i c i e n c y ,   R a d i a t i o n   T o l e r a n t ,   T h i n   S i l i c o n   S o l a r  Cells,  
Spectroiab,   . Inc, ,  JPL C o n t r a c t  954600, F ina l   Repor t   (October  1 9 7 7 ) .  
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Figure A - 3 .  SPS Technology  Advancement Plan 

A major  item  in  this  plan  is  the  solar  array. It will  be  necessary  to 
demonstrate  the  technology  readiness  of  the  solar  cells/arrays  on  some  minimum 
size,  probably -100 kW (e.g., high  efficiency -20%, 125°C operating  temperature, 
0.252 kg/m2  solar  cell  stack  weight, 650 W/kg array  output , 45.5 kV  level, and 
concentration  ratio of 2 ) .  It is mandatory  that  work  toward  these  objectives 
start  early  with  the  solar  cell  development  since  fundamental  technical  and 
cost  questions  must  be  answered  before  proceeding  further  with  the  development 
and  verification  program.  Questions  of  technical/cost  are  potentially SPS 
''show  stoppers",  and 1980 appears  to  be  a  key  decision  date  in  terms  of NASA/ 
DOE commitments  for  further SPS development  work. 
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A. 4 SPECIFIC GOALS/PAYOFFS 

The s p e c i f i c   g o a l s  of t h i s   p r o p o s e d   s o l a r  c e l l  development  program are: 

1. To develop   and   eva lua te  a p r o t o t y p e  GaAs t h i n - f i l m   s o l a r  ce l l  des igned  
t o  meet t h e   e a r l y  SPS t e c h n o l o g y   v e r i f i c a t i o n   r e q u i r e m e n t s :  

High e f f i c i e n c y  

Low r a d i a t i o n   d e g r a d a t i o n   a n d f o r   a n n e a l a b l e  

Light   weight  

Compat ib le   h igh- tempera ture   opera t ions  (125OC) wi th  
c o n c e n t r a t o r s  (CR=2) 

Low power deg rada t ion   w i th   h igh   t empera tu re  (125'C) 

Mass p r o d u c i b l e   d e s i g n  

P o t e n t i a l   l o w   c o s t  

2. To p r o v i d e   t e c h n i c a l   a n s w e r s   t o   a s s i s t  NASA/MSFC in   dec is ion-making  
on GaAs s o l a r   c e l l s   f o r  SPS. S p e c i f i c   c o n c e r n s   i n c l u d e :  

C e l l   s t r u c t u r e   s e l e c t i o n  

C e l l   e f f i c i e n c y  

R a d i a t i o n   a l l o w a b l e s   ( a n n e a l a b i l i t y )  

M a t e r i a l   a n d   p r o c e s s   c o s t s  

NASA w i l l  b e n e f i t  by t h i s  program  with  the  development  of a new s p a c e   s o l a r  
c e l l   c o n f i g u r a t i o n   w h i c h   c a n  meet many of   the   advanced  space s o l a r   a r r a y   t e c h n o -  
logy   requi rements .  The SPS program w i l l  b e n e f i t  by b e i n g   a b l e   t o   i n c o r p o r a t e  
t h e   c h a r a c t e r i s t i c s   o f   t h i s   s o l a r   c e l l   i n t o  i t s  s o l a r   a r r a y   d e s i g n   a n d   w i t h   a n  
i m p r o v e d   d e g r e e   o f   c e r t a i n t y ,   p l a n   t h e   e a r l y   t e c h n o l o g y   v e r i f i c a t i o n   p r o g r a m  
of t h e   s o l a r   a r r a y .   I n   a d d i t i o n ,   t h i s   s o l a r   c e l l   t e c h n o l o g y  may be  advantage- 
ous   to   g round  so la r -photovol ta ic   sys tems.  

The major   p rogram  mi les tones  are shown i n   F i g u r e  A-4. From Task 1 w i l l  
come t h e   r e c o m e n d a t i o n s   o n   b a s i c   t h i n - f i l m   c e l l   d e s i g n .   S u b s t r a t e   m a t e r i a l s  
w i l l  b e   e x p e r i m e n t a l l y   e v a l u a t e d   t o   d e t e r m i n e   t h e   r e l a t i v e  merits o f   s a p p h i r e ,  
pee l ed   f i lm   t echno logy ,   ga l l i um  a r sen ide ,   and  germanium s u b s t r a t e  materials. 

Task 1 a c t i v i t y  w i l l  r e s u l t   i n  a recommendation on p e e l e d   f i l m ,   s a p p h i r e ,  
and a l t e r n a t i v e s  by  the  end of t h e   f i r s t   y e a r ' s   e f f o r t .   C e l l   m o d e l i n g   a n d  
pe r fo rmance   ana lys i s   i n   Task  2 w i l l  l e a d   t o   t h e   d e s i g n   o f   e x p e r i m e n t a l   c e l l s  
a n d   r e s u l t   i n   t h e   p r e l i m i n a r y   d e s i g n   o f  a p r o t o t y p e   c e l l  a t  the   end   of   the  
f i r s t   y e a r .   T h e r m a l   a n d   m e c h a n i c a l   a n a l y s i s  of t h e   c e l l   s t a c k  w i l l  be  perform- 
e d   i n   t h i s   t a s k .   T a s k  3 w i l l  p r o v i d e   s o l a r  c e l l  e f f i c i e n c y   p r o j e c t i o n s   b a s e d  
on expe r imen ta l  c e l l  test d a t a   d u r i n g   t h e   f i r s t   y e a r   a n d   p r o t o t y p e  ce l l  d a t a  
in   t he   s econd   yea r .   Task  3 r e s u l t s   i n   t h e   p r o t o t y p e  ce l l  d e s i g n   a n d   v e r i f i c a -  
t i on   o f   pe r fo rmance   va lues  a t  t h e  end  of  the  two-year  period. 
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Figure A-4.  Proposed Program Milestones 

In   Task  4 i n i t i a l   r a d i a t i o n  t es t  d a t a  would be   p rovided   on   exper imenta l  
c e l l s   d u r i n g   t h e   f i r s t   y e a r .  M a j o r   r a d i a t i o n  test eva lua t ions   would   be   per -  
formed  on  prototype ce l l s  du r ing   t he   s econd   yea r .  An a s ses smen t   o f   t he  
t e c h n i c a l   c r e d i b i l i t y  o f  s e l f - a n n e a l i n g   c h a r a c t e r i s t i c s   w o u l d   b e   d e r i v e d .  

Task 5 w o u l d   p r o v i d e   t h e   a n s w e r   t o   t h e   t e c h n i c a l   a n d   c o s t   q u e s t i o n s  re la t -  
i n g   t o   p r o d u c i b i l i t y   o f   t h i n   s a p p h i r e   r i b b o n s ,   i m p r o v e d  metal o r g a n i c  compounds 
and raw material c o s t  o f  these  components.  Answers are  provided   on   the   bases  of 
expe r imen ta l   eva lua t ions   by   t he   end   o f   t he   f i r s t   yea r   and   improved  materials 
w i l l  r e s u l t   d u r i n g   t h e   s e c o n d   y e a r .   T a s k  6 p rov ides   manufac tu r ing   p rocess  con- 
cepts   which  are b a s e d   o n   u t i l i z i n g   t h e   p r o t o t y p e  c e l l  d e s i g n .  

A-8 



A . 5  TECHNICAL OBJECTIVES AND PROGRAM RATIONALE 

The o v e r a l l   t e c h n i c a l   o b j e c t i v e   o f   t h e   p r o p o s e d   w o r k  i s  t o   i n v e s t i g a t e  
and   deve lop   one   o r   more  material combina t ions   and   p rocess ing   t echno log ie s  
f o r   f a b r i c a t i o n   o f   h i g h - e f f i c i e n c y   t h i n - f i l m  GaAs s o l a r  ce l l s  t h a t  meet t h e  
d e s i g n  a n d   p e r f o r m a n c e   c h a r a c t e r i s t i c s   ( e f f i c i e n c y ,   t e m p e r a t u r e   s t a b i l i t y ,  
r a d i a t i o n   r e s i s t a n c e ,   a n d   s p e c i f i c   m a s s )   r e q u i r e d   f o r   t h e  SPS s o l a r   a r r a y .  

The   goa l   o f   the   p rogram is s u f f i c i e n t   v a l i d   t e c h n i c a l   d a t a   o n   t h e   p e r f o r m -  
a n c e   c h a r a c t e r i s t i c s   a n d   p r o b a b l e   f a b r i c a t i o n   t e c h n i q u e s   o f   t h e   c a n d i d a t e  c e l l  
c o n f i g u r a t i o n s   b e i n g   i n v e s t i g a t e d   t o   p e r m i t   f i r m   r e c o m m e n d a t i o n s   t o   b e  made by 
t h e   e n d   o f   t h e   s e c o n d   y e a r   r e g a r d i n g   t h e   s u i t a b i l i t y   o f   t h i n - f i l m   s i n g l e -  
c r y s t a l  GaAs ce l l s  f o r   f u t u r e   u s e   i n   t h e  SPS. 

The   r a t iona le   fo r   t he   p roposed   p rog ram  approach  i s  t h a t   t h e   u n s u r p a s s e d  
p h o t o v o l t a i c   p r o p e r t i e s   o f  G a A s ,  i t s  h i g h   o p t i c a l   a b s o r p t i o n   c o e f f i c i e n t  
( r e q u i r i n g   o n l y   v e r y   t h i n   l a y e r s   f o r  maximum r e s p o n s e ) ,  i t s  r e l a t i v e l y   h i g h -  
t e m p e r a t u r e   o p e r a t i n g   c h a r a c t e r i s t i c s ,  and t h e   r e l a t i v e l y   h i g h   r a d i a t i o n -  
damage r e s i s t a n c e   a n d   a n n e a l i n g   p r o p e r t i e s   o f  GaAs s o l a r   c e l l s ,  combine t o  
d i c t a t e   t h a t   t h i n - f i l m  G a A s  c e l l  s t r u c t u r e s  made by t h e  MO-CVD p r o c e s s   o f f e r  
t h e   b e s t   p r o s p e c t s  of a c h i e v i n g   t h e   h i g h   p e r f o r m a n c e   a n d   l o n g   l i f e   r e q u i r e d  
f o r   t h e  SPS. 

Fo r   f i rm   and   conc lus ive   r ecommenda t ions   t o   be  made wi th   conf idence   regard-  
ing   the   expec ted   per formance   and   economic   feas ib i l i ty   o f   th in- f i lm  s ing le-  
c r y s t a l  GaAs s o l a r  ce l l s  f o r   t h e   p h o t o v o l t a i c  power convers ion   subsys tem  of  
t h e  SPS, i t  i s  n e c e s s a r y   t h a t   l i k e l y   m o d i f i c a t i o n s  or v a r i a t i o n s   o f   t h e   t h i n -  
f i l m  GaAs ce l l  t h a t  are now known a n d   a p p e a r   t o   h a v e   t h e   p o t e n t i a l   o f   f u l f i l l -  
i n g   t h e  SPS pe r fo rmance   and   cos t   r equ i r emen t s   be   cons ide red ,   and   e i the r   be  
e l imina ted   f rom  expe r imen ta l   eva lua t ion   i n   t he   p roposed   p rog ram  because   o f  
i d e n t i f i a b l e   s h o r t c o m i n g s  or b e   i n c l u d e d   i n   t h e  work   and   eva lua ted   dur ing   the  
c o u r s e   o f   t h e   s t u d y .  It is n o t   s u f f i c i e n t   t o   i n v e s t i g a t e   o n l y  a s i n g l e  con- 
f i g u r a t i o n   o f   t h e  c e l l  o r  a s i n g l e   p r o c e s s   o r  method f o r  making  the c e l l  a t  
t h i s  time. Thus  a l though  the  Rockwell  SPS d e s i g n   c o n c e p t   i n c l u d e s   t h e  GaAlAs/ 
GaAs s i n g l e - c r y s t a l   t h i n - f i l m   s o l a r  c e l l  grown  by the   me ta lo rgan ic   chemica l  
v a p o r   d e p o s i t i o n   p r o c e s s  on a s u b s t r a t e   o f   t h i n   s i n g l e - c r y s t a l   s a p p h i r e  
r i b b o n ,   s e v e r a l   v a r i a t i o n s  of c e l l  c o n f i g u r a t i o n ,   s u b s t r a t e  marerial and  form, 
a c t i v e   p h o t o v o l t a i c   b a r r i e r   t y p e  and l o c a t i o n ,   a n d  c e l l  f a b r i c a t i o n   p r o c e s s i n g  
are i n c l u d e d   i n   t h e   p r o p o s e d   i n v e s t i g a t i o n s .  

Because   o f   the   eventua l   enormous   product ion   requi rement   and   s t r ingent  
weight /per formance   requi rements   o f  SPS, t h e  GaAs s o l a r  ce l l s  d e v e l o p e d   i n  
th i s   p rog ram will b e   f a b r i c a t e d   b y   m e t a l o r g a n i c   c h e m i c a l   v a p o r   d e p o s i t i o n .  
T h i s   p r o c e s s   a l l o w s   t h e   c o n s i d e r a t i o n   o f  two t h i n - f i l m  GaAs s o l a r  c e l l  s t r u c -  
t u r e s   t h a t   c a n   b e   f a b r i c a t e d   o n l y  by MO-CVD. As a r e s u l t ,  new o p t i o n s   f o r  
l i g h t w e i g h t ,   h i g h - e f f i c i e n c y   s o l a r  ce l l s  w i t h   r a d i a t i o n   r e s i s t a n c e  w i l l  b e  
a v a i l a b l e .  

The   deve lopmen t   o f   t hese   s t ruc tu res   i nvo lves  some r i s k   b u t   t h e   p o t e n t i a l  
p a y o f f   f o r   e f f i c i e n t   e n e r g y   c o n v e r s i o n  as a r e s u l t   o f   t h e   p r o p o s e d   p r o g r a m  
a p p e a r s   v e r y   l a r g e .  
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To a c h i e v e   t h e   o v e r a l l   p r o g r a m   o b j e c t i v e   w i t h i n   t h i s  material, the   fo l low-  
i n g   s p e c i f i c   t e c h n i c a l   o b j e c t i v e s  w i l l  g u i d e   t h e   c o n d u c t   o f  the proposed 
program: 

Demons t r a t e   and   deve lop   t he   t echno logy   fo r   f ab r i ca t ing   h igh -e f f i c i ency  
GaAs s o l a r  ce l l s  on s i n g l e - c r y s t a l   s a p p h i r e   s u b s t r a t e s   i n   b o t h   t h e  
c o n v e n t i o n a l   a n d   i n v e r t e d   c o n f i g u r a t i o n s .  

Demons t r a t e   and   deve lop   t he   t echno logy   fo r   f ab r i ca t ing   h igh -e f f i c i ency  
t h i n - f i l m  GaAs s o l a r   c e l l s   o n   r e u s a b l e  or d i s p o s a b l e   s u b s t r a t e s .  

E x p l o r e   a n d   d e m o n s t r a t e   t h e   f e a s i b i l i t y   o f   f a b r i c a t i n g   h i g h - e f f i c i e n c y  
GaAs s o l a r   c e l l s  on t h i n  Ge s u b s t r a t e s  and a s s e s s   t h e   e c o n o m i c   v i a b i l i t y  
of t h i s   c o m b i n a t i o n .  

Deve lop   and   app ly   r i go rous   ana ly t i ca l   mode l ing   t echn iques   fo r   p red ic t ing  
the   per formance   of  GaAs t h i n - f i l m   c e l l s   i n   t h e   c o n f i g u r a t i o n s   t o   b e  
exp lo red   and   dev i se   op t imum  dev ice   des igns   based   on   t h i s   mode l ing .  

D e t e r m i n e   t h e   t o l e r a n c e   o f   t h e   v a r i o u s   s o l a r   c e l l   s t r u c t u r e s   t o   i r r a d i a -  
t i o n  b y   c h a r g e d   p a r t i c l e s   a n d   t h e   f e a s i b i l i t y   o f   l o w - t e m p e r a t u r e  
a n n e a l i n g   t o  remove   whatever   rad ia t ion  damage does   occur .  

U t i l i z e   s u b c o n t r a c t s   t o   d e v e l o p   a n d   i m p r o v e   f e e d s t o c k   m a t e r i a l s   f o r   p r o -  
p o s e d   c e l l   f a b r i c a t i o n   p r o c e s s e s   a n d   c e l l   s t r u c t u r e s .  

A.6 PROPOSED TECHNICAL APPROACH 

The proposed  mult i - faceted  program w i l l  p r o v i d e   d a t a   t h a t  w i l l  pe rmi t   f i rm  
recommendat ions  to   be made  by the  end  of 1980 r e g a r d i n g   t h e   s u i t a b i l i t y   o f   t h i n -  
f i l m   s i n g l e - c r y s t a l  GaAs s o l a r   c e l l s   f o r   f u t u r e   u s e   i n   t h e  SPS. The  proposed 
program  schedule  is shown i n   F i g u r e  A-5. 

comp 
data 

The program is  i n t e n d e d   t o   p r o v i d e   t h e   n e c e s s a r y   f a c t u a l   d a t a  and--where 
l e t e   d a t a  may b e   l o c k i n g - - t h e   i n f e r r e d   e v i d e n c e ,   b a s e d   o n   t r e n d s   o f   p a r t i a l  

combined   w i th   app l i cab le   phys i ca l   p r inc ip l e s   and  known b e h a v i o r   p a t t e r n s  
o f   e l e c t r o n i c   m a t e r i a l s   a n d   d e v i c e s ,   t o   p e r m i t   c o n c l u s i v e   r e c o m m e n d a t i o n s   t o  
be  made by NASA on   the   expec ted   per formance   and   economic   feas ib i l i ty   o f   th in-  
f i l m   s i n g l e - c r y s t a l  GaAs s o l a r   c e l l s   f o r   t h e   p h o t o v o l t a i c  power conve r s ion  
subsystem of  t h e  SPS, t a k i n g   a c c o u n t   o f   t h e   s c h e d u l i n g   r e q u i r e m e n t s   o f   t h e  
SPS p r o j  ect .  

For  such  recommendations  to  be made wi th   conf idence  i t  is  n e c e s s a r y   t o  
c o n s i d e r   l i k e l y   m o d i f i c a t i o n s  or v a r i a t i o n s   o f   t h e   t h i n - f i l m  GaAs c e l l   t h a t  
a r e  now v i s i b l e   a n d   a p p e a r   t o   h a v e   t h e   p o t e n t i a l   o f   f u l f i l l i n g   t h e  SPS perform- 
ance   and   cos t   requi rements .   These   then   mus t   be   e i ther   e l imina ted   f rom  exper i -  
m e n t a l   e v a l u a t i o n   i n   t h e   p r o p o s e d   p r o g r a m   b e c a u s e   o f   i d e n t i f i a b l e   s h o r t c o m i n g s  
o r  be   inc luded   in   the   work   and   eva lua ted   dur ing   the   course   o f   the   s tudy .  It 
i s  n o t   s u f f i c i e n t   t o   i n v e s t i g a t e   o n l y  a s i n g l e   c o n f i g u r a t i o n   o f   t h e   c e l l   o r  a 
s i n g l e   p r o c e s s  o r  method f o r  m a k i n g   t h e   c e l l   u n l e s s  a s u f f i c i e n t l y   s t r o n g  
a priori  c a s e   f o r   s u c h   a c t i o n   c a n   b e  made o n  t h e   b a s i s   o f   p r e s e n t   d a t a   a n d  
exper ience ,   and  i t  is b e l i e v e d   t h a t   s u c h  a case   canno t   be  made a t   t h i s  t i m e .  
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TASK - 1979 1980 
1.0 INVESTIGATION AND DEVELOPMENT OF HIGH.EFFICIENCY 7 I 

THIN-FILM-GaAsSOLAR  CELL STRUCTURES BASE0 ON MO.CVO 
1.1 GaAs CELLS ON SAPPHIRE  SUBSTRATES 

v I 1.2 PEELED-FILM GaAs CELLS  (NO  SUBSTRATE) 
1.3 GaAs CELLS  ON  SOLAR  CELL Ge SUBSTRATES I - 
1.4 GaAs BASELINE  CELLS  ON  SOLAR  CELL GaAs SUBSTRATES , 

1- 

2.0 GaAsTHIN-FILM  SOLAR  CELL  MODELING, OESIGN, A N 0  I ; -  
PERFORMANCE ANALYSIS 
2.1 CELL  MODELING  AN0 OESIGN FOR CANDIDATE 

2.2 THERMAL  AN0  MECHANICAL  ANALYSIS OF CANDIDATE 

2.3 PRELIMINARY OESIGN OF THIN-FILM GaAr  PRODUCTION 

I - - 
EXPERIMENTAL  CONFIGURATIONS 

CELL  CONFIGURATIONS 

PROTOTYPE CELL 

i l I ,  
1 . 1  I i  j I  / ' =  

i I 
i , 

I I I i i '  I1 """1 

I 

3.0 THIN.FILM GaAr CELL  FABRICATION  AN0  CHARACTERIZATION 
3.1 EXPERIMENTAL  CELL  FABRICATION 
3.2 PROOUCTION  PROTOTYPE  CELL FABRICATION 
3.3 SOLAR  CELL  PERFORMANCE  MEASUREMENTS. 

1 1 , -  I 

ONE6UN  AM0  MEASUREMENTS 
LOW.INTENSITY (2.10 SUN)  CONCENTRATION  MEASUREMENTS I 
HIGH-CONCENTRATION (10-1000 SUN1 MEASUREMENTS 

4.0 OETERMINATION OF THIN-FILM  GaAsSOLAR  CELL  RAOlATlON 

4.1 FABRICATION OF TEST SAMPLES AND  CELLS 
DAMAGE AN0  ANNEALING PROPERTIES 

4.2 IRRAOIATION  EXPERIMENTS 

4.4 OATA  ANALYSISANO DESIGN  RECOMMENOATIONS 
4.3 ANNEALING  EXPERIMENTS 

MATERIALS  WITH  REQUIRE0 PROPERTIES, REOUCEO COSTS, 

511 PROJECTION OF FUTURE Ga SUPPLIES AN0 COSTS 
5.2 OEVELOPMENT OF IMPROVE0 PROOUCTION  TECHNIQUES 

5.3 OEVELOPMENT OF PROOUCTION  TECHNIQUES FOR 

5.4 PROJECTION OF FUTURE Ge SUPPLIESANO COSTS 
5.5 MATERIAL COST PROJECTIONS 

5.0 OEVELOPMENT/IMPROVEMENT O F  INPUT (FEEOSTOCK) 

AN0  HIGH-VOLUME  PROOUCTION  POTENTIAL 

FOR HIGH.PUAITY  METALORGANICS 

ULTRA-THIN SMOOTH SAPPHIRE  RIBBON 

6.0 PRELIMINARY OESIGN AN0 PROJECTION OF MANUFACTURING 
PROCESSES. PRODUCTION  EQUIPMENT, AN0  PHYSICAL  PLANT 
REQUIREMENTS FOR LARGE-SCALE  MANUFACTURE OF  GaAs 
THIN-FILM CELLS FOR SPS 

Figure A - 5 .  Program Schedule  

Thus ,   a l t hough   t he   r e f e rence  SPS d e s i g n   c o n c e p t   i n c l u d e s   t h e  GaAlAs/GaAs 
s i n g l e - c r y s t a l   t h i n - f i l m   s o l a r   c e l l  grown  by the   me ta lo rgan ic   chemica l   vapor  
d e p o s i t i o n  (NO-CVD) process   on  a s u b s t r a t e   o f   t h i n   s i n g l e - c r y s t a l   s a p p h i r e  
r ibbon,  several v a r i a t i o n s   o f   c e l l   c o n f i g u r a t i o n ,   s u b s t r a t e   m a t e r i a l   a n d   f o r m ,  
a c t i v e   p h o t o v o l t a i c   b a r r i e r   t y p e   a n d   l o c a t i o n ,   a n d   c e l l   f a b r i c a t i o n   p r o c e s s i n g  
are i n c l u d e d   i n   t h e   p r o p o s e d   i n v e s t i g a t i o n s .  

Cell c o n f i g u r a t i o n s   t o  be inc luded  are (1) thin-window  heteroface  s t ruc-  
t u r e s ,  ( 2 )  sha l low- junc t ion   homogeneous   ce l l s ,  (3)  h e t e r o j u n c t i o n   c e l l s ,   a n d  
( 4 )  S c h o t t k y - b a r r i e r  cel is .  S u b s t r a t e  materials t o   b e   e v a l u a t e d   i n c l u d e  
(1) t h a t   o f   t h e   R o c k w e l l   p o i n t - d e s i g n   c o n c e p t ,   s i n g l e - c r y s t a l   s a p p h i r e   r i b b o n ,  
i n   b o t h   i n v e r t e d   a n d   c o n v e n t i o n a l  ce l l  s t r u c t u r e s ;  (2) s i n g l e - c r y s t a l  Ge i n  
t h r e e   d i f f e r e n t   f o r m s ;  (3) several d i f f e r e n t  compound o r   a l l o y   s e m i c o n d u c t o r s ,  
p r i m a r i l y  as d e p o s i t e d   f i l m s   o n   o t h e r   c r y s t a l   w a f e r s  (o r  r ibbons )   o f  semi- 
conduc to r   o r   h igh - t empera tu re   ox ide .ma te r i a l s ;  ( 4 )  c e r t a i n  metals i n   t h e   f o r m  
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o f   f i l m s  grown  on s i n g l e - c r y s t a l   s u b s t r a t e s ;   a n d  (5) s i n g l e - c r y s t a l  GaAs 
w a f e r s   a n d   f i l m s ,   m a i n l y   t o   p r o v i d e   " c o n v e n t i o n a l "   s i n g l e - c r y s t a l   t h i n - f i l m  
GaAs ce l l s  f o r   b a s e l i n e - r e f e r e n c e   p e r f o r m a n c e   d a t a .  Cell growth   and   fabr ica-  
t i o n   p r o c e s s i n g   i n v o l v i n g   b o t h   p e r m a n e n t   s u b s t r a t e s   a n d   r e u s a b l e   s u b s t r a t e s  
( so -ca l l ed   "pee led - f i lm   t echno logy" )   and   e i the r   a l l - f ron t   con tac t   o r   two-s ided  
con tac t   t echno logy  w i l l  b e   i n v e s t i g a t e d .  

Only t h e  GaAs materials sys t em is  t o   b e   i n v e s t i g a t e d   i n   t h e   p r o p o s e d   w o r k ,  
o n   t h e   b a s i s   o f  i ts  b e i n g   c l e a r l y   t h e   f r o n t - r u n n i n g   c a n d i d a t e  among p r e s e n t l y  
known p h o t o v o l t a i c  materials and t h e   o n e   m o s t   s u s c e p t i b l e   t o   f u r t h e r   s i g n i f i c -  
an t   improvements   th rough  appl ica t ion   of   p roven  materials t echno logy .   Fu r the r ,  
f o r   r e a s o n s   r e g a r d e d  as e q u a l l y   c o m p e l l i n g ,   t h e  MO-CVD-film-growth p r o c e s s  i s  
the   on ly   one   t o   be   i nc luded   i n   t he   p rog ram.   Th i s   has   been   de t e rmined   i n   v i ew 
o f   t h e   e v e n t u a l   p r o d u c t i o n   r e q u i r e m e n t s   f o r   t h e  SPS a n d   t h e   e s t a b l i s h e d   q u a l -  
i t y   o f   t h e  materials and s o l a r   c e l l s   p r o d u c e d   b y   t h i s   m e t h o d   t o   d a t e ,  

The  program  emphasis i n   t h e   f i r s t   y e a r  is on the   fundamen ta l   exp lo ra to ry  
i n v e s t i g a t i o n s   o f   T a s k  1, i n  which t h e   v a r i o u s   t h i n - f i l m  G a A s  ce l l  s t r u c t u r e s  
formed  by t h e  MO-CVD p r o c e s s  w i l l  b e   p r e p a r e d   u s i n g   s e v e r a l   v a r i a t i o n s   i n  
c o n f i g u r a t i o n ,   s u b s t r a t e ,  a n d   p r o c e d u r e .   I n   t h e   s e c o n d   y e a r   t h e   e f f o r t   o n  
Task 1 w i l l  b e   r e d u c e d   s o m e w h a t ,   t h e   i n t e n t i o n   b e i n g   t h a t   t h e   r e s u l t s   o f   t h e  
f i r s t   y e a r ' s  work w i l l  permit  a r e d u c t i o n   i n   t h e   v a r i e t y   o f   a l t e r n a t i v e s  s t i l l  
r equ i r ing   eva lua t ion   and   deve lopmen t ,  so  t h a t   t h e   s u r v i v i n g   o p t i o n s   c a n   b e  
fur ther   examined   and   the   more   p romis ing   se lec ted   for   cont inued   deve lopment   and  
i n v e s t i g a t i o n   t o   t h e  end   o f   t he   p rog ram.   S imul t aneous ly ,   i n   t he   s econd   yea r  
the   emphas is   on   the   o ther   t asks- -exper imenta l  c e l l  f a b r i c a t i o n  and   eva lua t ion  
(Task 3 ) ,  r a d i a t i o n   t e s t i n g   ( T a s k  4 )  , a n d   p r e l i m i n a r y   d e s i g n   a n d   p r o j e c t i o n   o f  
p r o b a b l e   m a n u f a c t u r i n g   p r o c e s s e s ,   s p e c i f i c a t i o n   o f  materials, d e s i g n  of pro- 
d u c t i o n   a p p a r a t u s   a n d   e q u i p m e n t ,   a n d   s p e c i f i c a t i o n   o f   f a c i l i t i e s   a n d   p h y s i c a l  
p lan t   requi rements   (Task   6) - -wi11   increase  as t h e   m o s t   l i k e l y   v e r s i o n   o f   t h e  
t h i n - f i l m  G a A s  c e l l  becomes  more  evident. 

A.7 BASIS FOR SELECTION OF THIN-FILM  SINGLE-CRYSTAL 
GaAs AS CELL MATERIAL  FOR SPS 

The unsu rpassed   pho tovo l t a i c   p rope r t i e s   o f  G a A s ,  i t s  h i g h   o p t i c a l   a b s o r p -  
t i o n   c o e f f i c i e n t   ( r e q u i r i n g   o n l y   v e r y   t h i n   l a y e r s   f o r  maximum r e s p o n s e ) ,  i t s  
r e l a t i v e l y   h i g h - t e m p e r a t u r e   o p e r a t i n g   c h a r a c t e r i s t i c s ,   a n d   t h e   r e l a t i v e l y   h i g h  
r ad ia t ion -damage   r e s i s t ance  and a n n e a l i n g   p r o p e r t i e s   o f  GaAs s o l a r  c e l l s  com- 
b i n e   t o   d i c t a t e   t h a t   t h i n - f i l m  GaAs c e l l  s t r u c t u r e s  made  by t h e  MO-CVD p r o c e s s  
be   cons ide red   t he   bes t   p rospec t s   o f   ach iev ing   t he   h igh   pe r fo rmance  and l o n g  
l i f e   r e q u i r e d   f o r   t h e  SPS. 

The c h o i c e   o f   t h i n - f i l m ,   s i n g l e - c r y s t a l  GaAs as t h e   b a s i c  material f o r  
f a b r i c a t i o n  of  t h e   s o l a r  ce l l s  f o r   t h e   p h o t o v o l t a i c  power convers ion   subsys tem 
of   the  Rockwell  SPS d e s i g n  i s  based  on (1) t h e   s u p e r i o r   i n t r i n s i c   p h o t o v o l t a i c  
p r o p e r t i e s   o f  GaAs u n d e r   s o l a r   i l l u m i n a t i o n ;  ( 2 )  t h e   t h e r m a l   s t a b i l i t y   o f   t h e  
material a t  r e l a t i v e l y   h i g h   o p e r a t i n g   t e m p e r a t u r e s ;  (3)  i t s  r e l a t i v e l y   h i g h  
r e s i s t a n c e   t o  damage  by e l e c t r o n   a n d   p r o t o n   i r r a d i a t i o n   a n d  i t s  a p p a r e n t  damage- 
r e c o v e r y   ( a n n e a l i n g )   c h a r a c t e r i s t i c s  a t  modera te ly   e leva ted   t empera tures ;   and  
( 4 )  t h e   f a c t   t h a t  i t  can   be  grown w i t h   v e r y   h i g h   q u a l i t y   b y   d e p o s i t i o n  

, 
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t e c h n i q u e s   t h a t  are adaptab le   to   sca led-up ,   l a rge-volume  product ion ,  as w i l l  
b e   n e e d e d   f o r   t h e  SPS p r o j e c t .  

P r i o r   t o   t h e   d r a m a t i c a l l y   i n c r e a s e d   a c t i v i t y   o n   p h o t o v o l t a i c   s o l a r  c e l l  
materials a n d   d e v i c e s   w i t h i n  the p a s t   t h r e e   y e a r s ,  the m a j o r i t y   o f   r e s e a r c h  
a n d   e n g i n e e r i n g   d e v e l o p m e n t   e f f o r t   i n  th i s  f i e l d  had   gone   i n to   ach iev ing  
improvements i n   t h e   s i n g l e - c r y s t a l   S i   s o l a r  c e l l  a n d   i n t o   i m p r o v i n g   f a b r i c a -  
t i o n   p r o c e s s e s   f o r   t h i n - f i l m  CdS s o l a r  c e l l s  and ,   t o  a much smaller d e g r e e ,  
p repa r ing   expe r imen ta l  cel ls  o f   s i n g l e - c r y s t a l  GaAs and a few o t h e r  compound 
semiconductors .  The S i  c e l l ,  of   course,   became the i n d u s t r y   s t a n d a r d   a n d   h a s  
r e c e i v e d   b y   f a r   t h e   g r e a t e s t  amount of e n g i n e e r i n g   a n d   p r o d u c t i o n   e f f o r t .  
A r r a y s   o f   S i  c e l l s  h a v e   s u p p l i e d   r e l i a b l e  power f o r  mos t   o f   t he   space   veh ic l e s  
and sa te l l i t es  launched   th roughout   the   wor ld   in   var ious   space   p rograms  over  
t h e   p a s t  15 y e a r s .  

However, t h e o r e t i c a l   c o n s i d e r a t i o n s  show t h a t   v a r i o u s  compound semicon- 
d u c t o r s  - e s p e c i a l l y  G a A s  and i t s  r e l a t e d   a l l o y s  - s h o u l d   p r o v i d e   s i g n i f i c a n t l y  
h i g h e r   c o n v e r s i o n   e f f i c i e n c i e s   t h a n  are  a v a i l a b l e   w i t h   S i  c e l l s .  Although 
p i l o t - l i n e   q u a n t i t i e s   o f   s i n g l e - c r y s t a l  GaAs ce l l s  were f a b r i c a t e d   s e v e r a l  
y e a r s   a g o ,   t h e   p e r f o r m a n c e   o f   e x p e r i m e n t a l   a r r a y s   i n   a c t u a l   s p a c e   m i s s i o n s  
was g e n e r a l l y   d i s a p p o i n t i n g .  

Work i n   t h e   p a s t   s e v e r a l   y e a r s   w i t h   c o m p o s i t e  ce l l s  i n v o l v i n g  G a A s  and a 
f r o n t   l a y e r   o f   a n o t h e r  material as a "window" has,  however,  renewed interest  
i n   t h e . s i g n i f i c a n t   a d v a n t a g e s   o f  GaAs as a s o l a r  c e l l  material; these  advan-  
t a g e s   i n c l u d e   t h e   f o l l o w i n g   c h a r a c t e r i s t i c s :  

1. 

2 .  

3 .  

4 .  

5. 

The  bandgap  energy (-1.4 eV) is  a b e t t e r   m a t c h   t o   t h e   s o l a r   s p e c t r u m ;  
h i g h e r   t h e o r e t i c a l   e f f i c i e n c i e s  ( w e l l  i n  excess of 20 p e r c e n t )   t h a n  
f o r   S i  are t h u s   t o   b e   e x p e c t e d .  

The dec rease   o f  power o u t p u t   w i t h   i n c r e a s i n g   t e m p e r a t u r e   f o r  G a A s  i s  
a b o u t   h a l f  of t h a t   f o r   S i  c e l l s ,  b e c a u s e   o f   t h e   l a r g e r   b a n d g a p   t h a t  
a l l o w s   h i g h e r   t e m p e r a t u r e   o p e r a t i o n  of t h e   j u n c t i o n .  

G a A s  c e l l s   t y p i c a l l y   h a v e   l o w e r   m i n o r i t y  carr ier  l i f e t i m e s   a n d   d i f f u s -  
i o n   l e n g t h s   t h a n   S i  c e l l s ,  and s o  are  less s u s c e p t i b l e   t o   r a d i a t i o n  
damage. 

The l a r g e r  bandgap  of G a A s  r e s u l t s   i n   h i g h e r   o u t p u t   v o l t a g e   p e r   c e l l  
t h a n   f o r   S i ,   a l t h o u g h   t h e   c u r r e n t   p e r  c e l l  i s  smaller. 

The o p t i c a l   a b s o r p t i o n   e d g e   i n  GaAs i s  q u i t e   s t e e p  (it  is  a d i r e c t -  
bandgap  semiconductor) so t h a t   m o s t   s o l a r   r a d i a t i o n  i s  absorbed   very  
n e a r   t h e   s u r f a c e ,   e l i m i n a t i n g   t h e   n e e d   f o r   t h i c k  ce l l s  t o   c a p t u r e  
m o s t   o f   t h e   i n c i d e n t   e n e r g y .  This c h a r a c t e r i s t i c   a l s o   r e d u c e s   t h e  
s u s c e p t i b i l i t y   t o   r a d i a t i o n  damage b e c a u s e   o f   t h e  smaller volume 
( i .e . ,  t h i ckness )   o f  material fo r   abso rb ing   ( s topp ing)   cha rged  
p a r t i c l e s .  

There are some d i s a d v a n t a g e s  of G a A s  re la t ive to   S i ,   one   o f   wh ich  is 
r e l a t e d   t o  item 5 above,  Because  of the a b s o r p t i o n   a n d   g e n e r a t i o n   o f   c h a r g e  
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p a i r s  so c l o s e   t o   t h e   s u r f a c e ,   t h e   h i g h   s u r f a c e   r e c o m b i n a t i o n   v e l o c i t y   t h a t  i s  
a l s o   c h a r a c t e r i s t i c  of  GaAs (10 t o  100 times t h a t   f o u n d   i n   S i )   r e s u l t s   i n  
r educed   minor i ty  carrier c o l l e c t i o n   e f f i c i e n c i e s  i n  j u n c t i o n - t y p e   d e v i c e s ,   d u e  
t o   s u r f a c e   r e c o m b i n a t i o n   l o s s e s .   A d d i t i o n a l l y ,   s i n c e   t h e   m i n o r i t y  carrier 
d i f f u s i o n   l e n g t h s   i n  GaAs are t y p i c a l l y  small compared  with  those  found  in  
s i n g l e - c r y s t a l   S i ,   v e r y   t h i n  (<0.5pm) l a y e r s   w i t h   e x t e n s i v e   e l e c t r o d i n g   ( g r i d s )  
are r e q u i r e d   o n   t h e   i l l u m i n a t e d   s i d e   o f   t h e   j u n c t i o n   t o   r e d u c e   c e l l  series 
r e s i s t a n c e  as much as p o s s i b l e .  Even w i t h  these m e a s u r e s ,   t h e   l o s s e s  a t  t h e  
f r o n t   o f  a s imple  c e l l  have   been   found   t o   be   t oo   h igh   fo r   accep tab le  ce l l  
o p e r a t i o n   u n d e r   n o r m a l   c o n d i t i o n s .  

This   p roblem was t h e   p r i n c i p a l   m o t i v a t i o n   f o r   d e v e l o p m e n t   o f   t h e  window- 
type  c e l l ,  i n   w h i c h  a l aye r   o f   ano the r   s emiconduc to r  i s  a p p l i e d   t o   t h e   i l l u m i -  
n a t e d   s u r f a c e   o f   t h e  GaAs t o  remove t h e  active j u n c t i o n   r e g i o n   s u f f i c i e n t l y  
f a r   f r o m   t h e   i n c i d e n t - l i g h t   s u r f a c e   t o   r e d u c e   r e c o m b i n a t i o n   l o s s e s ,   a n d  a t  t h e  
same time add  conduct ive material t h a t   r e d u c e s   t h e  series r e s i s t a n c e   o f   t h e  
c e l l .  The  window material  m u s t   p r o v i d e   a n   i n t e r f a c e   w i t h   t h e  GaAs t h a t  i s  
s u f f i c i e n t l y  good s t r u c t u r a l l y   f o r   t h e   i n t e r f a c e   i t s e l f   n o t   t o  become a s o u r c e  
o f   r ecombina t ion   l o s ses .   Add i t iona l ly ,   t he   bandgap  o f  t h e  window material 
m u s t   b e   l a r g e   e n o u g h   t h a t   t h e r e  are no s i g n i f i c a n t   l o s s e s  o f  t h e   i n c i d e n t   s o l a r  
r a d i a t i o n   d u e   t o   a b s o r p t i o n   i n   t h e  window material ( u n l e s s   o t h e r   a s p e c t s   o f   t h e  
d e s i g n   a l l o w   t h e   c a r r i e r s   g e n e r a t e d   b y   s u c h   a b s o r p t i o n   t o   b e   c o l l e c t e d   b y   t h e  
a c t i v e   j u n c t i o n ) .   T h e r e  are  a l s o   o t h e r   m e t h o d s ,   p r i m a r i l y   r e l a t e d   t o   t h e  
p a r t i c u l a r  c e l l  d e s i g n   c o n f i g u r a t i o n   e m p l o y e d ,   t h a t   c a n   c i r c u m v e n t   t h i s   s u r f a c e -  
r ecombina t ion - los s   p rob lem  in  GaAs c e l l s .  Although i t  i s  a f a c t o r   i n   s p e c i f i c  
c e l l  d e s i g n ,  th i s  p r o p e r t y   o f  GaAs has   been   found   no t   t o   p reven t   t he   ach ieve -  
ment  of s u p e r i o r  c e l l  performance. 

The f a c t   t h a t   t h i n - f i l m   s i n g l e - c r y s t a l  GaAs s o l a r  c e l l s  e s s e n t i a l l y   e q u i v -  
a l e n t   i n   p e r f o r m a n c e   t o   t h e   h i g h e s t   e f f i c i e n c y  c e l l s  o f   t h i s  material made by 
a n y   o t h e r   m e t h o d   t o   d a t e   h a v e   a l s o   b e e n  made b y   t h e  MO-CVD p r o c e s s   a n d   t h e   f a c t  
t h a t   t h e  MO-CVD p r o c e s s   l e n d s   i t s e l f   t o   s c a l e - u p   t o   l a r g e - v o l u m e   p r o d u c t i o n  
p robab ly   be t t e r   t han   any   o the r   con tempora ry   t h in - f i lm   s emiconduc to r   depos i t i on  
t e c h n i q u e   t o g e t h e r   c o n s t i t u t e   o n e   o f   t h e   s t r o n g e s t   a r g u m e n t s   f a v o r i n g   s e l e c t i o n  
of t h i s   c o m b i n a t i o n   o f  material ,  c o n f i g u r a t i o n ,   a n d   p r o c e s s   f o r   t h e  SPS s o l a r  
c e l l .   C h a r a c t e r i s t i c s   o f   t h e  MO-CVD p r o c e s s   c l e a r l y   i n d i c a t e  a good p r o b a b i l i t y  
o f   s u c c e s s f u l   s c a l e - u p   t o   t h e   l o n g - t e r m   r e q u i r e m e n t s   o f   t h e  SPS p r o j e c t .  

The l a r g e   a b s o r p t i o n   c o e f f i c i e n t   o f  G a A s  i n   t h e   w a v e l e n g t h   r e g i o n   t o   t h e  
h igh -ene rgy   s ide   o f  i t s  fundamenta l   absorp t ion   edge  i s  such   t ha t   mos t   ( i . e .  , 
90 p e r c e n t   o r   m o r e )   o f   t h e   a v a i l a b l e   r a d i a t i o n   i n   t h e   s o l a r   s p e c t r u m  is  
a b s o r b e d   w i t h i n  a t h i c k n e s s   o f  2pm o r  less. A t h i c k n e s s   i n  excess o f  100pm 
of S i  i s  r e q u i r e d   f o r  similar a b s o r p t i o n .   T h e   f a c t   t h a t  G a A s  i s  a d i r e c t -  
bandgap material and   S i   an   i nd i r ec t -bandgap   s emiconduc to r   means   t ha t   t he  
t r a n s i t i o n   f r o m   n o n - a b s o r b i n g   t o   a b s o r b i n g  i s  much m o r e   a b r u p t   f o r  GaAs than  
f o r  S i  i n   p r o g r e s s i n g   f r o m   l o n g   w a v e l e n g t h s   t o   s h o r t e r   w a v e l e n g t h s ,   p a s t   t h e  
band  edge. 

The d i f f e r e n c e   i n  bandgap  energy   for   these  two semiconductors   means  that  
GaAs r e s p o n d s   o n l y   t o   t h a t   p o r t i o n   o f   t h e   t o t a l   s o l a r   s p e c t r u m   t h a t  is t o   t h e  
sho r t -wave leng th   s ide   o f  -0.9pm, w h i l e   S i   r e s p o n d s  t o  a l l  pho tons   o f   t he   sho r t -  
wavelength  s ide  of   -1 . lpm.  Although  there  i s  a s i g n i f i c a n t  amount o f  s o l a r  

A-14 



" . 

e n e r g y   i n   t h e   b a n d   b e t w e e n   t h e s e  two wavelengths ,  the n e t   r e s u l t  of a l l  f a c t o r s  
t h a t   b e a r  on p h o t o v o l t a i c   c o n v e r s i o n   e f f i c i e n c y  is t h a t   t h e   t h e o r e t i c a l   v a l u e s  
f o r  G a A s  are s i g n i f i c a n t l y   h i g h e r   t h a n   f o r  S i ,  as i n d i c a t e d  ear l ier .  

The s t r o n g   a b s o r p t i o n   p r o p e r t i e s   o f  GaAs throughout  most of  t h e   w i d t h   o f  
the   wavelength   band   be tween  the  GaAs band  edge  and  the  short-wavelength limit 
o f   t h e  AM0 s o l a r   s p e c t r u m   p e r m i t   t h e   s u c c e s s f u l   u s e   o f   t h i n   d e p o s i t e d   f i l m s  
of G a A s  f o r   h i g h - e f f i c i e n c y   s o l a r  ce l l s ,  w h e r e a s   e i t h e r   b u l k   c r y s t a l s  or v e r y  
t h i c k   f i l m s  (50-100pm) o f   i n d i r e c t   g a p  materials such as S i  are  r e q u i r e d   f o r  
adequa te   abso rp t ion   o f  a s u f f i c i e n t  amount of t h e   i n c i d e n t   s o l a r   r a d i a t i o n   t o  
even  approach maximum pe r fo rmance   fo r   t hose  materials. T h i s   f a c t   a l o n e   f a v o r s  
G a A s  o v e r   S i   f o r   t h e  SPS a p p l i c a t i o n  by a cons ide rab le   marg in .  

T h e   r e s u l t i n g   a d v a n t a g e s   o f  GaAs o v e r   S i   t h u s   a l s o  re la te  t o   t h e   r e d u c e d  
weight   and  consequent   lower   cost   of  a smaller amount   of   the   act ive  semiconductor  
mater ia l .   Cos t   compar isons  og t h e s e  two c a n d i d a t e  c e l l  materials must  be made 
w i t h  care. M a j o r   d i f f e r e n c e s  exis t  i n   t h e   n a t u r e  and   matur i ty   o f   p resent  
t e c h n o l o g i e s   i n   t h e  two c a s e s   f o r   t h e   t h r e e   p r i n c i p a l   c o s t   c a t e g o r i e s   a s s o c i a t -  
e d   w i t h   s o l a r   c e l l   a r r a y   f a b r i c a t i o n :  (1) p r o c e s s e d   o r   p u r i f i e d   i n p u t  mater ia l ;  
( 2 )  f a b r i c a t i o n  of l a r g e - a r e a   f i l m s  (or "shee ts" ,   which   can   be   in   the   form  of  
f l a t   p o l i s h e d   o r   e t c h e d   w a f e r s ) ;   a n d  ( 3 )  c e l l  a n d   a r r a y   f a b r i c a t i o n .  

H igh-pur i ty ,   s emiconduc to r -g rade   po lyc rys t a l l i ne   S i  now c o s t s   a b o u t  $60 
pe r   kg ;  i t  i s  prepared  by a ser ies  o f   p r o c e s s e s   t h a t  are highly  developed  and 
u s e s   i n p u t  materials a l m o s t   u n l i m i t e d   i n   a b u n d a n c e ;   S i   i t s e l f  is  the   second-  
most  abundant  of a l l  t h e   e l e m e n t s .   S i n g l e - c r y s t a l   i n g o t s   o f   S i ,  grown  by t h e  
Czochra lsk i   method  and   wi th   p roper t ies   adequate  for u s e   i n   f a b r i c a t i n g   s i n g l e -  
c r y s t a l   w a f e r - t y p e   s o l a r  c e l l s  o f  t h e   c o n v e n t i o n a l   k i n d ,   c o s t   a b o u t  $0.25 p e r  
g for m o d e r a t e   q u a n t i t i e s .  

G a A s ,  o n   t h e   o t h e r   h a n d ,  is  p repa red   a lmos t   exc lus ive ly  as a n   u l t r a p u r e ,  
s i n g l e - c r y s t a l ,   s e m i c o n d u c t o r  compound, e i t h e r   i n   b u l k   i n g o t   f o r m  by 
Czochra lsk i   o r   Br idgman  c rys ta l   g rowing   techniques  or i n   s i n g l e - c r y s t a l   l a y e r  
form by l i q u i d   p h a s e   e p i t a x y  (LPE) o r   c h e m i c a l   v a p o r   d e p o s i t i o n  (CVD) t e c h n i -  
ques .   A l though   t hese   p rocesses  are  now h i g h l y   d e v e l o p e d ,   t h e y  are by  no  means 
developed  on a l a r g e   p r o d u c t i o n  scale.  S i n g l e - c r y s t a l  GaAs prepared by t h e  
Bridgman  technique now c o s t s   a b o u t  $ 7  pe r  g i n   b u l k   i n g o t   f o r m ,   w h i l e   u l t r a -  
h i g h   p u r i t y  G a  metal and A s  metal s e p a r a t e l y   c o s t   a b o u t  $0.75 and $0.65 p e r   g ,  
r e s p e c t i v e l y ,   i n  small q u a n t i t i e s .  The  world  supply  of Ga ( r o u g h l y   h a l f   t h e  
we igh t   con ten t   o f  GaAs) is known t o   b e   l i m i t e d ,   a l t h o u g h   t h e r e   a p p e a r s   t o   b e  
l i t t l e  need   fo r   conce rn   abou t  A s  abundance. 

B e c a u s e   o f   t h e   v a r i a t i o n   i n   t h e  amount ( i . e . ,  number  of  grams)  of  photo- 
v o l t a i c , m a t e r i a l   r e q u i r e d   f o r   v a r i o u s   c o n f i g u r a t i o n s   o f   s o l a r  ce l l s  o f  a g iven  
s o l a r   c o n v e r s i o n   e f f i c i e n c y ,   c a u s e d  by d i f f e r e n c e s   i n   o p t i c a l   p r o p e r t i e s   f r o m  
material t o  material o r  by v a r i a t i o n s   i n   t h e  amount of t h e  material r e q u i r e d  
( f o r   s t r u c t u r a l   i n t e g r i t y   o r   o t h e r   r e a s o n s )  among d i f f e r e n t   p h y s i c a l   c o n f i g u r a -  
t i o n s   o f  a g iven   semiconductor ,  it is n e c e s s a r y  t o  examine  comparative materials 
c o s t s   o n  a u n i t  area b a s i s .  

When such a c a l c u l a t i o n  is made f o r   S i  on a s q u a r e  meter (m2) b a s i s   f o r  
b o t h   t h e   p r e s e n t   c o s t   o f   s e m i c o n d u c t o r - g r a d e   p o l y c r y s t a l l i n e  material (-$60 
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p e r   k g ) ,   u s e d  as the i n p u t  material f o r   f a b r i c a t i n g   s i n g l e - c r y s t a l   h i g h -  
e f f i c i e n c y   S i   s o l a r  c e l l s  ( i n c l u d i n g   t h o s e  in  r i b b o n   o r   d e n d r i t i c  web configu-  
r a t i o n ) ,  and   t he   p ro j ec t ed   1986  DOE/JPL Low-cost S o l a r   A r r a y   P r o j e c t   c o s t   g o a l  
o f  $10 p e r   k g   f o r   s o - c a l l e d   " s o l a r  c e l l  grade" material, t h e   c o s t   p e r  m2 vs 
S i   t h i c k n e s s   c u r v e s  shown i n   F i g u r e  A-6 are o b t a i n e d .  The i n p u t  material c o s t  
a s s o c i a t e d   w i t h  a 6pm l a y e r   o f   S i  i s  $0.84 p e r  m2 i n   t e r m s   o f   p r e s e n t   p r i c e s  
and $0.14 p e r  m2 i n   t e rms   o f   t he   1986   cos t   goa l s .  A 100pm l a y e r  - a more 
r ea l i s t i c  t h i c k n e s s   f o r   a n   S i   s o l a r  c e l l  - c o r r e s p o n d s   t o  a material c o s t  o f  
$13.98  per  rn2 a t  p r e s e n t   p r i c e s   a n d   $ 2 . 3 3   p e r  m2 a t  $10 p e r   k g ,   w h i l e   t h e  
c o s t s   f o r  a 200pm (8 m i l )  t h i c k n e s s  are  $27.96  and  $4.66  per rn2, r e s p e c t i v e l y ,  
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F i g u r e  A - 6 .  Comparison  of Present and 
P r o j e c t e d   I n p u t   M a t e r i a l  Cost 

It i s  d i f f i c u l t   t o   i d e n t i f y   c o r r e s p o n d i n g   c o s t s   f o r  G a A s  because  of 
s i g n i f i c a n t   d i f f e r e n c e s   i n   t h e   i n p u t  materials and i n   p r o c e s s i n g  and   fabr ica-  
t ion   t echniques .   However ,  i t  i s  p o s s i b l e   t o   d e s i g n a t e  a GaAs i n p u t  materials 
cost   range,   somewhere  within  which  must  f i t   t h e   f i g u r e   f o r  GaAs t h a t   c o r r e s p o n d s  
t o   t h e  $0.06 p e r  g p r e s e n t   c o s t   f o r   s e m i c o n d u c t o r - g r a d e   p o l y c r y s t a l l i n e  S i .  
The  upper limit o f   t h i s   r a n g e  may be   t aken  as t h e  "$7 p e r  g p r e s e n t   c o s t  of 
h i g h - q u a l i t y ,   s i n g l e - c r y s t a l  GaAs i n g o t  material; and   the   lower  limit may b e  
c o n s i d e r e d   t o   b e   t h e   c o m b i n e d   c o s t  of 0.48 g of u l t r a - h i g h - p u r i t y  Ga metal and 
0.52 g o f  u l t r a - h i g h - p u r i t y  A s  metal ( t h e   p r o p o r t i o n   i n   w h i c h   t h e y   o c c u r   i n  
GaAs) a t  t h e i r   p r e s e n t   s e p a r a t e   c o s t s ,   o r  -$0.70 p e r  g - an   order   o f   magni tude  
smaller than   t he   uppe r  limit. Th i s   r ange  i s  f rom  one   to  two o r d e r s  of magni- 
t u d e   l a r g e r   t h a n   t h e   p r e s e n t   c o s t   p e r   u n i t   w e i g h t  of semiconductor-grade 
p o l y c r y s t a l l i n e   S i .   T h i s   d i f f e r e n c e   i n   c o s t   p e r   u n i t   w e i g h t  i s  n o t   s u r p r i s i n g  
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i n  view o f   t h e  vast d i f f e r e n c e s  in t echno logy   deve lopmen t ,   app l i ca t ions   h i s to ry ,  
present  market  volume,  and material abundance   i n   t he  two cases. 

I f  i t  is assumed that  the same d i l i g e n c e   i n   t e c h n i c a l   d e v e l o p m e n t   a n d   t h e  
same la rge -marke t   mo t iva t ion   t ha t  are e x p e c t e d   t o  exis t  f o r   S i  c e l l  material 
technology w i l l  a l s o   p r e v a i l   i n  GaAs c e l l  material t e c h n o l o g y   i n   t h i s  same 
time p e r i o d   ( t o  1986), t h e n  i t  may a l s o   b e   r e a s o n a b l e   t o   p r o j e c t  a similar 
f a c t o r   r e d u c t i o n   i n  GaAs i n p u t  material c o s t s   b y  1986 - s a y   t o  a range   f rom 
$0.10 t o  $1.00 p e r  g.  The  lower  end  of t h i s   s u g g e s t e d   r a n g e  i s  n o t   g r e a t l y  
d i f f e r e n t   f r o m   t h e   p r e s e n t   a c t u a l   c o s t   p e r  gram ($0.06) of  semiconductor-grade 
p l o y c r y s t a l l i n e   S i .   T h e s e  two " c o n s t r u c t e d "   c o s t   r a n g e s   f o r  GaAs material have 
b e e n   c o n v e r t e d   t o   c o s t s   p e r  m2 f o r   t h e  same, semiconduc to r   t h i ckness   r ange  as 
used   above   fo r   S i   and  are a l s o  shown i n   F i g u r e  A-6. N o t e   t h a t   b e c a u s e   o f   t h e  
d e n s i t y   d i f f e r e n c e  ( 2 . 3 3  g/cm3 f o r   S i   a n d  5 . 3 2  g/CA3 f o r  GaAs), a g i v e n   t h i c k -  
n e s s   o f  GaAs is - 2 . 3  times h e a v i e r   t h a n   t h e  same t h i c k n e s s   o f   S i .  

A s  shown i n   t h e   f i g u r e ,  a 6 ~ m   l a y e r  of GaAs h a s   a n   a s s o c i a t e d   i n p u t  
material cos t   f rom $ 2 2 . 3 4  t o  $ 2 2 3 . 4 4  per  m2 i n   t e r m s   o f   t h e   p r e s e n t   p r i c e  
r ange   i den t i f i ed   above ,and   f rom $ 3 . 1 9  t o  $ 3 1 . 9 2  p e r  m2 i n  terms of   sugges ted  
1986 c o s t   g o a l s .   S i m i l a r l y ,   t h e   f i g u r e s   f o r  a 100pm t h i c k n e s s  are  $ 3 7 2 . 4 0  t o  
$3724  p e r  m2 f o r   p r e s e n t   p r i c e s  and $ 5 3 . 2 0  t o  $ 5 3 2  p e r  m2 a t  t h e   p r o j e c t e d  
1 9 8 6  l e v e l .  

When the   impor t an t   a l l owance  is made f o r   t h e   d i f f e r e n c e   i n   o p t i c a l   a b s o r p -  
t i o n   p r o p e r t i e s   o f   S i   a n d  GaAs i n   t h e   r e g i o n   o f   t h e   s o l a r   s p e c t r u m ,  some o f   t h e  
appa ren t  material cos t   d i sc repancy   be tween   S i   and  G a A s  i s  g r e a t l y   r e d u c e d .  Cal- 
c u l a t i o n   o f   a n   i d e a l i z e d   s h o r t - c i r c u i t   c u r r e n t   f o r   S i  and G a A s  c e l l s ,   b a s e d   o n  
a s sumpt ions   o f   s ing le -pass   i l l umina t ion   and   t r ansmi t t ance   no rma l   t o   t he   f ron t  
f a c e ,   u n i t y  quantum e f f i c i e n c y ,   a n d   p e r f e c t   c h a r g e   c o l l e c t i o n   e f f i c i e n c y ,  shows 
t h a t   v e r y  l i t t l e  a d d i t i o n a l  c e l l  r e s p o n s e   r e s u l t s   f o r  G a A s  t h i c k n e s s   o v e r  -6pm, 
w h i l e   s i g n i f i c a n t   a d d i t i o n s   t o   r e s p o n s e   c o n t i n u e   i n   S i   f o r   t h i c k n e s s e s  up t o  
300pm. 

The s i g n i f i c a n c e   o f   t h e s e   d i f f e r e n c e s  i s  i l l u s t r a t e d   i n   t h e   f i g u r e ,   i n  
w h i c h   t h e   a p p r o x i m a t e   t h i c k n e s s   r e g i o n s   f o r   S i   a n d  GaAs t h a t   s h o u l d   b e   a d d r e s -  
s ed   i n   compar ing  materials c o s t s  are shown as shaded areas. What t h i s   f i g u r e  
shows i s  t h a t   f o r   t h e  amount of t h e   s e m i c o n d u c t o r   a c t u a l l y   r e q u i r e d   f o r   t h e  
active r e g i o n   o f  a s o l a r   c e l l   o f   c o m p a r a b l e   p r o p e r t i e s   i n   t h e  two c a s e s ,   t h e r e  
i s  f a r  less t h a n   t h e   u s u a l l y   c o n s i d e r e d  material c o s t   d i f f e r e n c e   p e r   u n i t  area 
of c e l l ,  e v e n   i n  terms o f  c u r r e n t   p r i c e s .  It f u r t h e r  shows t h a t   i f  GaAs were 
s u b j e c t e d   t o   t h e  same k ind   o f   i npu t  material c o s t   r e d u c t i o n   e f f o r t  as is  planned 
f o r   S i   o v e r   t h e   n e x t  8 t o  1 0  y e a r s ,   t h e n   i n p u t  material c o s t s   f o r   t h e   r e q u i r e d  
amount  of a c t i v e   s e m i c o n d u c t o r   c o u l d   a c t u a l l y   b e   q u i t e  similar i n   t h e  two cases. 

Although  the.GaAs ce l l  i t s e l f - - w h a t e v e r   s p e c i f i c   c o n f i g u r a t i o n  i s  involved-- 
i s  b e l i e v e d   t o   o f f e r   t h e   h i g h e s t   u l t i m a t e  AM0 c o n v e r s i o n   e f f i c i e n c y   o f  a l l  o f   t h e  
s ing le-component   photovol ta ic  ce l l s  d e v e l o p e d   t o   t h e   p r e s e n t  time, based  both  on 
t h e o r e t i c a l   a n a l y s e s   o f   t h e   p h o t o v o l t a i c   e f f e c t  a t  p o t e n t i a l   b a r r i e r s   i n  semi- 
conduc to r  materials and   on   t he   p re sen t  s ta te  o f   d e v e l o p m e n t   o f   t h e   r e s p e c t i v e  
material t e c h n o l o g i e s ,  i t  is e s s e n t i a l   f o r  a long- t e rm  p ro jec t   o f   t he   magn i tude  
and  importance  of   the SPS t o   b e   p l a n n e d  so t ha t   fu tu re   t echno logy   deve lopmen t s  
h a v i n g   s i g n i f i c a n t   p o s i t i v e   i m p a c t   o n  i ts  per formance   and/or   cos t   can   be  
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i n c o r p o r a t e d   w i t h  minimum de lay   and   t echno log ica l   compl i ca t ion .   Fo r   t he   pho to -  
v o l t a i c  p o w e r   c o n v e r s i o n   s u b s y s t e m ,   t h e   e f f i c i e n c y   u n d e r   o r b i t a l   o p e r a t i n g  con- 
d i t i o n s   o f   t h e   b a s i c   s o l a r  c e l l  u n i t   u s e d   i n   f o r m i n g   t h e   s o l a r   a r r a y  i s  a 
c r i t i c a l  p e r f o r m a n c e   p a r a m e t e r   t h a t   i n   t u r n  affects  e s s e n t i a l l y  a l l  o t h e r  
d e s i g n   a s p e c t s   o f   t h e  SPS. F o r   e v e r y   i n c r e a s e  i n  t h e  c e l l  p e r c e n t a g e   o p e r a t -  
i n g   e f f i c i e n c y   b y  as much as 1 (e.g. ,   from 20 t o  2 1  p e r c e n t ) ,  a ma jo r   r educ t ion  
i n  SPS area, we igh t ,   complex i ty ,   and   cos t  w i l l  r e s u l t .   T h i s   f a c t o r  i s  one   of  
t h e   s e v e r a l   p r i n c i p a l   r e a s o n s   f o r   t h e   s e l e c t i o n   o f   t h e  GaAs s i n g l e - c r y s t a l  c e l l  
o v e r   t h e   S i   s i n g l e - c r y s t a l  c e l l  i n   R o c k w e l l ' s  SPS d e s i g n ,   f o r   e x a m p l e .  

The p rospec t   o f  a d r a m a t i c   i n c r e a s e   i n   c e l l   o p e r a t i n g   e f f i c i e n c y ,   e v e n  
w i t h   r e s p e c t   t o   t h e   p r e s e n t   h i g h   v a l u e   o f  -20 p e r c e n t  (&lo, 28'C) a c h i e v e d   i n  
t h e   b e s t   s i n g l e - c r y s t a l  GaAs ce l l s ,  i s  o f f e r e d  by the   concep t   o f   t he   t andem,  
m u l t i p l e - b a n d g a p   s o l a r  c e l l .  T h e o r e t i c a l   a n a l y s e s   b y   v a r i o u s   i n v e s t i g a t o r s  
have shown t h a t   t h e  maximum c o n v e r s i o n   e f f i c i e n c y   f o r   t h e   s o l a r   s p e c t r u m   t h a t  
can   be   expec ted   f rom  any   one  p-n j u n c t i o n   t y p e   o f   p h o t o v o l t a i c  c e l l  o p e r a t i n g  
a t  i t s  maximum power p o i n t  (at  - 2 5 O C )  i s  i n   t h e  20 t o  25 p e r c e n t   r a n g e ,   t h e  
s p e c i f i c   t h e o r e t i c a l  maximum depend ing   p r imar i ly  upon the  bandgap  energy Ea 
of t he   pa r t i cu la r   s emiconduc to r   i nvo lved .   Ana lyses   o f   t he   p ro j ec t ed   pe r fo rm-  
ance  of S i   a n d  GaAs s o l a r  ce l l s  under AM0 i l l u m i n a t i o n   i n d i c a t e   e x p e c t e d  
maximum s o l a r   c o n v e r s i o n   e f f i c i e n c i e s   o f   a b o u t  20 t o  2 1  p e r c e n t   f o r   S i   a n d  
pe rhaps  up t o  22  t o  24 p e r c e n t   f o r  GaAs, w i t h  a l l  c o n t r o l l a b l e   p a r a m e t e r s  
opt imized.  

W h e r e a s   t h e   u s e   o f   s u n l i g h t   c o n c e n t r a t i o n   o f f e r s   o n e   m e t h o d   o f   a c h i e v i n g  
i n c r e a s e d  e lec t r ica l  power o u t p u t   p e r   u n i t  area o f   s o l a r  c e l l  s u r f a c e ,   a n o t h e r  
a p p r o a c h   t o   m o r e   e f f i c i e n t   u s e   o f   t h e   s o l a r   s p e c t r u m  is b a s e d   o n   t h e   f a c t   t h a t  
a p h o t o v o l t a i c  c e l l  h a s  two m a j o r   o b v i o u s   l i m i t a t i o n s   o n  i t s  a b i l i t y   t o   c o n v e r t  
t h e   i n c i d e n t   s o l a r   p h o t o n s ,   e a c h   o f   e n e r g y   h v ,   i n t o   h o l e - e l e c t r o n   p a i r s   t h a t  
c a n   s u b s e q u e n t l y   b e   s e p a r a t e d ,   c o l l e c t e d ,   a n d   d e l i v e r e d   t o   a n   e x t e r n a l   l o a d .  
The f i r s t  is tha t   on ly   t hose   abso rbed   pho tons   o f   ene rgy   g rea t e r   t han   t he   band-  
gap  energy Ea can   p roduce   band- to -band   exc i t a t ion   i n   t he   s emiconduc to r   and   t hus  
c h a r g e   s e p a r a t i o n   a n d   p o s s i b l e   d e l i v e r y   t o   t h e   l o a d .  The  second is  that 
excess bandgap  energy E - - tha t  i s ,  a l l  of   the   energy   beyond  tha t   requi red   to  
produce a s i n g l e   h o l e - e f e c t r o n   p a i r - - i s   d i s s i p a t e d   i n t e r n a l l y  as h e a t   i n   t h e  
d e v i c e .  

The  most e f f i c i e n t   r e s p o n s e   o f  p-n j u n c t i o n   c e l l  i s  to   photons   o f   energy  
ju s t   exceed ing   t he   bandgap   ene rgy ,  so  i f  two o r  more s o l a r   c e l l s  o f   d i f f e r i n g  
bandgap  energy   (and   thus  o f  d i f f e r e n t   c o m p o s i t i o n )   c o u l d   b e   a r r a n g e d   a p p r o p r i -  
a t e l y   t o   " s h a r e "   t h e   s o l a r   s p e c t r u m ,   w i t h   e a c h   o p e r a t i n g   o n   t h a t   p o r t i o n   o f  
t h e   s p e c t r u m   t o   w h i c h  i t  is most   respons ive ,  a c o m b i n a t i o n   c o n v e r t e r   o f   o v e r a l l  
power e f f i c i e n c y   e x c e e d i n g   t h a t   o f   t h e   i n d i v i d u a l  cel ls  u s e d   s e p a r a t e l y   i n   t h e  
f u l l   s o l a r   s p e c t r u m   c o u l d   q u i t e   p o s s i b l y   b e   r e a l i z e d .   T h i s   c o n c e p t  i s  n o t  new, 
h a v i n g   b e e n   f i r s t   p r o p o s e d   i n  1955 and  examined  by  various  workers a t  i n t e r v a l s  
s i n c e   t h a t  t i m e .  

There are two p r i n c i p a l   e m b o d i m e n t s   o f   t h i s   c o n c e p t .  One i n v o l v e s   i n t e r -  
p o s i n g   d i c h r o i c   m i r r o r s   o r   f i l t e r s   ( i . e .  , "beam s p l i t t e r s " )   i n   t h e   i n c i d e n t  
beam o f   s o l a r   r a d i a t i o n  s o  t h a t   s e l e c t e d   r a d i a t i o n   o f  a p o r t i o n   o f   t h e   s p e c t r u m  
is  d i v e r t e d   t o  a s o l a r  c e l l  whose proper t ies   (main ly   bandgap  energy   (Egl )   a l low 
i t  t o  make r e l a t i v e l y   e f f i c i e n t   u s e   o f   t h a t   s e l e c t e d   b a n d   o f   r a d i a t i o n ,   w h i l e  
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a l l o w i n g   t h e   r e m a i n d e r   o f   t h e   s p e c t r u m   t o   p a s s   o n   t o  a s e c o n d   f i l t e r / m i r r o r ,  
which  again selects a p o r t i o n   o f   t h e   s p e c t r u m   t o   d i r e c t   o n t o  a second c e l l  of 
bandgap  energy E g 2 ,  w h i l e   t r a n s m i t t i n g   t h e   r e m a i n d e r   t o  a t h i r d  c e l l  (or a 
t h i r d   f i l t e r / m i r r o r ) ,   a n d  so  on. The a v a i l a b i l i t y   o f   b e a m - s p l i t t i n g ,   f i l t e r /  
m i r r o r  materials t h a t   c a n   b e   t a i l o r e d   t o   t h i s   t y p e   o f   s e g m e n t i n g   i n   s u c h  a way 
as t o   d i r e c t   b a n d s   o f   t h e   s p e c t r u m   t o  ce l l s  t h a t  are des igned   (p r imar i ly   t h rough  
s e l e c t i o n   o f   t h e   c o m p o s i t i o n   o f   t h e   s e m i c o n d u c t o r )   t o   b e   e f f i c i e n t l y   r e s p o n s i v e  
t o   t h e   p h o t o n   e n e r g i e s   i n v o l v e d   m a k e s   t h i s   v e r s i o n   o f   t h e   m u l t i p l e - c e l l   c o n c e p t  
a t t r a c t i v e   f o r   c o n c e n t r a t o r   s y s t e m s   w h e r e   t h e   c o s t   o f   t h e   c o m p l e x i t y   a n d   s i z e  
o f   t h e   c o m p o s i t e   c o n v e r t e r   i t s e l f  w i l l  n o t   b e  a c o n t r o l l i n g   e c o n o m i c   o r   l o g i s t i c  
f a c t o r .  

The   o the r   mod i f i ca t ion   o f   t he   mu l t ip l e -ce l l   concep t - - and   t he   one   w i th  
po ten t i a l   ma jo r   impac t   on   t he  SPS--can now b e   s e r i o u s l y   c o n s i d e r e d   f o r   p r a c t i c a l  
a p p l i c a t i o n s   p r i m a r i l y   b e c a u s e   o f   t h e   r e m a r k a b l e   p r o g r e s s  made i n   t h i n - f i l m  
p h o t o v o l t a i c  material t e c h n o l o g i e s   i n   t h e   p a s t  several y e a r s .   T h i s   v e r s i o n  
i n v o l v e s  two o r  more s o l a r  c e l l s  o f   d i f f e r i n g   c o m p o s i t i o n   ( a n d   t h u s   d i f f e r i n g  
b a n d g a p   e n e r g i e s )   u s e d   o p t i c a l l y   i n  series, i n  a tandem  or   s tacked   a r rangement .  
The c e l l   o f   l a r g e s t  bandgap  energy E g l  r e c e i v e s   t h e   f u l l   s o l a r   s p e c t r u m   i n c i d -  
en t   on  i t s  f r o n t   s u r f a c e ,   c o n v e r t i n g  what i t  can  of   the  absorbed  photons  of  
e n e r g y   g r e a t e r   t h a n  E g l  and t r a n s m i t t i n g   t h e   r a d i a t i o n   o f   e n e r g y  < E  1 o n   t o  
the  second c e l l ,  of  bandgap E g 2 ,  wh ich   u t i l i ze s   t he   na r rowed   band  05 e n e r g i e s  
t o   g e n e r a t e   p h o t o v o l t a g e   a n d   p h o t o c u r r e n t   c o n s i s t e n t   w i t h  i t s  p h o t o v o l t a i c  
p r o p e r t i e s   a n d   t r a n s m i t s   t h e   r e m a i n i n g   r a d i a t i o n   o f   e n e r g y  <Eg2 o n   t o  a t h i r d  
c e l l ,   i f   u s e d ,  and s o  on .   Th i s   con f igu ra t ion   o f   t he   t andem  o r   s t acked   mu l t ip l e -  
bandgap s o l a r  c e l l  i s  shown s c h e m a t i c a l l y   i n   F i g u r e  A-7. 
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Figure A-7. Schematic  Representation of Stacked 
Multiple-Bandgap  Solar C e l l  

Al though   s imple   i n   concep t ,   t he   s t acked   mu l t ip l e -bandgap   so l a r  c e l l  (SMBSC) 
i n v o l v e s   d i f f i c u l t  material p r o b l e m s   a n d   d e s i g n   a n d   f a b r i c a t i o n   c o m p l e x i t i e s .  
A major   p roblem  to   be   so lved  is t h e   q u e s t i o n   o f   t h e   d e s i g n   o f   t h e   i n t e r f a c e  
b e t w e e n   t h e   b a c k   s i d e   o f   t h e   f i r s t  component  and t h e   f r o n t   s i d e   ( i n c i d e n t   l i g h t )  
of t h e  c e l l  n e x t   i n   l i n e   i n   t h e   s t a c k .   S h o u l d   t h e  e lec t r ica l  c o n t a c t   b e  made 
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s imply  a series connec t ion ,  wi th t h e   c u r r e n t   l e a v i n g  the first c e l l  e n t e r i n g  
the   s econd  ce l l  d i r e c t l y   ( c o n c e p t u a l l y   t h e   s i m p l e s t   s t r u c t u r e ,   a n d  shown i n  
F i g u r e  A-8) o r   s h o u l d   t h e   p h o t o n - g e n e r a t e d   c u r r e n t   o f  each ce l l  b e   e x t r a c t e d  
s e p a r a t e l y ?   I n   t h e   f i r s t   i n s t a n c e  i t  becomes   necessary   to   match   photocurren ts  
o f   t h e  two a d j o i n i n g  ce l l s  a t  t h e i r   o p e r a t i n g   p o i n t s   ( n o t   t h e   s h o r t - c i r c u i t  
c u r r e n t s ) ,   a n d   t h i s   r e q u i r e m e n t   a l o n e  is accompan ied   by   ma jo r   d i f f i cu l t i e s   o f  
bo th  material se l ec t ion   and   i n t e r f ace   des ign .   However ,   t h i s   a r r angemen t  is by 
f a r   t h e  more a t t r a c t i v e ,   s i n c e  it makes maximum use  of   the  compactness   and 
f a b r i c a t i o n   a d v a n t a g e s   o f   m o n o l i t h i c   t h i n - f i l m   s e m i c o n d u c t o r   t e c h n o l o g i e s .  
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F i g u r e  A - 8 .  S c h e m a t i c   R e p r e s e n t a t i o n  of SMBSC C o n f i g u r a t i o n  

I n v o l v i n g   B o t h   E l e c t r i c a l   O p t i c a l  Series A r r a n g e m e n t  

O v e r - s i m p l i f i e d   t h e o r e t i c a l   m o d e l s  of SMBSC c o n f i g u r a t i o n s   c a n   g i v e  rise 
t o  a v a r i e t y   o f   p o s s i b l e  c e l l  c o m b i n a t i o n s   ( o r ,   m o r e   c o r r e c t l y ,   p o s s i b l e  com- 
b i n a t i o n s   o f   b a n d g a p   e n e r g i e s )   t h a t   a p p e a r   t o   o f f e r   v e r y   a t t r a c t i v e  combined 
conve r s ion   e f f i c i enc ie s - - some   approach ing   t he   p robab le   t heo re t i ca l   uppe r  l i m i t  
of 40 t o  50 p e r c e n t   f o r   s o l a r   c o n v e r s i o n   e f f i c i e n c y   f o r  a semiconductor-based 
conver te r   sys tem  having   no  loss of the   excess   photon   energy .  

More a c c u r a t e   m o d e l s   o f   s u c h   c o n f i g u r a t i o n s ,   h o w e v e r ,   r e s u l t   i n   r e l a t i v e -  
l y  f ew  combina t ions   o f   e i t he r  two- o r   t h r e e - c e l l   s y s t e m s   t h a t  meet d e s i g n  
r e q u i r e m e n t s   y e t   r e p r e s e n t  material c o m p o s i t i e s   t h a t  are compatible   and 
f a b r i c a t a b l e   b y   p r e s e n t l y  known t echno log ie s .  The complexi ty   of   systems  in-  
volving  four   (or   more)   component  c e l l s  g o e s   u p   r a p i d l y ,  as d o e s   t h e   d i f f i c u l t y  
o f   s u c c e s s f u l l y   f a b r i c a t i n g   t h e   s y s t e m   e v e n   o n   a n   e x p e r i m e n t a l   l a b o r a t o r y   b a s i s .  

Pre l iminary   model ing   of  SMBSC assembl i e s   o f   t he   t ype  shown i n   F i g u r e  A-8 
h a s   r e c e n t l y   b e e n   c a r r i e d   o u t  a t  Rockwell as p a r t  o f   a n   e x p e r i m e n t a l   r e s e a r c h  
and   deve lopment   cont rac t   p rogram  be ing   under taken   jo in t ly   by  ERC and   the  
S c i e n c e   C e n t e r   f o r   t h e  A i r  Force   Aero   Propuls ion   Labora tory .  The o b j e c t i v e  
of   th i s   p rogram i s  the  development  o f  a t e c h n o l o g y   t o   f a b r i c a t e   s o l a r  c e l l  
a s s e m b l i e s   w i t h   g r e a t e r   t h a n  25 p e r c e n t   c o n v e r s i o n   e f f i c i e n c y   a t  25'C under  
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one-sun i n t e n s i t y   i n   s p a c e   s u n l i g h t  (AMO, -/35 mW/cm2) i l l u m i n a t i o n ,   w i t h  
d e l i v e r y   o f  100 2x2 c m  SMBSC assembl i e s   s chedu led  a t  t h e   c o n c l u s i o n   o f   t h e  
24-month  program. 

Tab le  A-3 shows a summary o f   t he   r e su l t s   o f   t he   p re l imina ry   mode l ing   u s -  
i n g   t h e   b a s i c   p r i n c i p l e s   t h a t   m u s t   b e   a p p l i e d  to t h e  SBMSC concept .   The  var ious 
materials c o n s i d e r a t i o n s   a n d   p h o t o v o l t a i c   d e v i c e   d e s i g n   f a c t o r s   t h a t   m u s t   b e  
a p p l i e d   i n   s e l e c t i n g   p o s s i b l e   c o m b i n a t i o n s   f o r  a p r a c t i c a l  SMBSC are q u i t e  
c o m p l e x ,   b u t   t h e   n e t   r e s u l t  is i n d i c a t e d   i n   t h e   t a b l e .   I n d i v i d u a l   c e l l s   t h a t  
compose t h e   t w o - c e l l ,   t h r e e - c e l l ,   o r   f o u r - c e l l   s t a c k s  are i d e n t i f i e d  by t h e  
bandgap  energy of t h e   a c t i v e   c e l l  material. The 1.42 e V  c e l l   i n v o l v e d   i n  
each   o f   t he   combina t ions   l i s t ed  is t h e  GaAs c e l l ,  and t h i s   p o i n t  is o f   s p e c i a l  
s i g n i f i c a n c e   t o   b e   d i s c u s s e d   b e l o w .  

T a b l e  A - 3 .  C a l c u l a t e d   I d e a l   a n d   E x p e c t e d  AM0 Eff ic iencies  
f o r  SMBSC C o m b i n a t i o n s  w i t h  Two,  

Three, or Four Cells  

-1 
I 

Bandgap Energy 
_ _ -  ~~ ~~ " 

2.0 eV 

1.42  eV 
(CaAs) 

1 .0  e V  

0.8 eV 

Combined q Tota l  
~~" .. 

~~ 

E f f i c i e n c y  ( X )  

TWO C e l l s  T 
I d e a l  

rl 

26.4 

7 . 5  

33.9 
-~ 

Expected 
rl 

~ 

1 9 . 8  

4 .9  

24.7 
" 

Ideal  
rl 

20.0 

13.0 

33.0  

Xxpected 
11 

14.9  

9.7 

24.6 

~~~ 

Three   Ce l l s  1 Four  C e l l s  

I d e a l  
rl 

20.0 

13 .O 

7 . 8  

40.8 

Zspected  Ideal  qz 
9.7 1 3 . 0  

I 3.5 
30.2 144.8 

Zspected 
rl 

14.9  

9.7 

5.6 

2.3 

32.5 

The t a b l e   g i v e s   b o t h   t h e o r e t i c a l   c o n v e r s i o n   e f f i c i e n c i e s   f o r   t h e   v a r i o u s  
c o m b i n a t i o n s ,   b a s e d   o n   i d e a l i z e d   j u n c t i o n   c h a r a c t e r i s t i c s   a n d  no c u r r e n t  
c o l l e c t i o n   l o s s e s ,   a n d   r e a l i s t i c   p r o j e c t i o n s   o f   e f f i c i e n c i e s   t h a t   c o u l d   b e  
e x p e c t e d   i n   p r a c t i c a l   a s s e m b l i e s   a f t e r   a d e q u a t e   d e v e l o p m e n t   o f   t h e   p a r t i c u l a r  
s t r u c t u r e s   i n v o l v e d ,   b a s e d   o n   e m p i r i c a l   d a t a   o b t a i n e d   w i t h   e x p e r i m e n t a l   h i g h -  
e f f i c i e n c y   t h i n - f i l m  GaAs s o l a r   c e l l s .  The p o s s i b i l i t y  o f   a c h i e v i n g   e f f i c i -  
e n c i e s  o f  ove r   25   pe rcen t - -poss ib ly   g rea t e r   t han  30 percent - - i s   ev ident   f rom 
t h e s e   d a t a ,   p r o v i d e d   t h e   r e q u i r e d  materials and  device  technology  problems 
can   be   adequate ly   so lved .  

The A i r  Force   cont rac t   p rogram  c i ted   above  is i n t e n d e d   t o   a t t a c k   t h o s e  
p r o b l e m s ,   u t i l i z i n g   b o t h  MO-CVD and l i q u i d   p h a s e   e p i t a x y  (LPE) t h i n - f i l m  
growth   techniques  a t  Rockwell. Upon c o n s i d e r a t i a n   o f   t h e   p r o p e r t i e s   o f  
c a n d i d a t e   p h o t o v o l t a i c  materials, t h e   a v a i l a b l e   s u b s t r a t e   m a t e r i a l s ,   c o n t a c t  
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m a t e r i a l s   a n d   i n t e r f a c e   p r o b l e m s ,   a n d  the p r e s e n t   m a t u r i t y   a n d   a n t i c i p a t e d  
g rowth   o f   t he   va r ious  material t e c h n o l o g i e s ,   t h e  GaAlAs/GaAs material sys tems 
were s e l e c t e d  as  t h e   b a s i c   b u i l d i n g   b l o c k  for development   of   the  SMBSC. T h i s  
material sys t em is now h igh ly   deve loped  a t  Rockwel l ,   bo th   wi th  MO-CVD tech-  
nology  and LPE technology.  The MO-CW p r o c e s s ,   i n   p a r t i c u l a r ,  i s  a d a p t a b l e  
t o   l a r g e - s c a l e ,   l a r g e - a r e a   d e v i c e   p r o d u c t i o n   e v e n   f o r   s t r u c t u r e s  as complicat-  
ed as t h e  SMBSC. 

T h u s ,   w i t h   t h e  GaAs s o l a r  c e l l  a s  a component c e l l  common to   each   o f  
s e v e r a l   d i f f e r e n t  SMBSC s t r u c t u r e s , a s   i n d i c a t e d   i n   T a b l e  A-3, and   w i th   s eve ra l  
o f   t h e s e   s t r u c t u r e s   t o   b e   i n v e s t i g a t e d   a n d   d e v e l o p e d   o v e r   t h e   n e x t   s e v e r a l  
y e a r s  by t h e  MO-CVD p r o c e s s ,   t h e   i m p l i c a t i o n s   f o r   t h e  SPS r e f e r e n c e   d e s i g n  
t h a t   a l s o   i n v o l v e s   t h e   t h i n - f i l m  GaAs s o l a r   c e l l  are e v i d e n t .   I f   t h e  SMBSC 
i n v e s t i g a t i o n s   l e a d   t o   t h i n - f i l m   c e l l   e f f i c i e n c i e s   i n   e x c e s s   o f   t h e   p r e s e n t  
c e l l  d e s i g n   e f f i c i e n c i e s   u s e d   f o r   t h e   r e f e r e n c e  SPS c o n c e p t ,   t h e n  a t  a n  
appropr i a t e   t ime   i n   t he   deve lopmen t  of t h e  SPS convers ion   subsys tem,  i t  should 
b e   p o s s i b l e   t o   i n c o r p o r a t e   t h e   c l o s e l y   r e l a t e d  SMBSC, based  on GaAs and  pro- 
duced  by  the MO-CVD p r o c e s s ,   i n t o   t h e  SPS w i t h  minimum p e r t u r b a t i o n   t o   t h e  
p r o j e c t   s c h e d u l e   a n d  maximum b e n e f i t   t o   t h e  SPS performance.  

T h i s   o p p o r t u n i t y   c o n s t i t u t e s  a s t r o n g   a d d i t i o n a l   a d v a n t a g e   f o r   s e l e c t i o n  
of t h e   t h i n - f i l m  GaAs c e l l   f o r   t h e  SPS. It also is  ano the r   advan tage   o f   u s ing  
t h e  MO-CVD p rocess   t echno logy   fo r   p roduc t ion  of t h i s  GaAs s o l a r   c e l l ,  beyond 
t h o s e   s p e c i f i c   t o   t h e   p r o c e s s  i t s e l f .  
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APPENDIX B 

POWER DISTRIBUTION  TECHNOLOGY  ADVANCEMENT 

The  power d i s t r i b u t i o n   s u b s y s t e m  is  i d e n t i f i e d  as a key   t echno logy   i s sue  
area d u e   t o   t h e   p o t e n t i a l   i m p a c t   o f   d c l d c   c o n v e r t e r   a n d   s w i t c h g e a r   p r o j e c t e d  
w e i g h t   o n   t h e   o v e r a l l  SPS system mass. 

F i g u r e  B-1 shows a s i m p l i f i e d  SPS power d i s t r i b u t i o n   s y s t e m   f o r   t h e   s o l a r  
p h o t o v o l t a i c   t h r e e   t r o u g h  end-mounted an tenna   concep t . .   The   d i s t r ibu t ion   sys t em 
c o n s i s t s   o f   t h e   s o l a r   a r r a y   i n t e r t i e s ,   m a i n   f e e d e r s ,   s w i t c h g e a r s ,  summing buss- 
es, t i e  b u s s e s ,   s l i p r i n g s ,   r e g u l a t o r s ,   h i g h  and   low  dc-dc   conver te rs ,   ba t te ry  
cha rg ing   sys t em,   a r r ay   subsys t em  bus ,   and   subsys t em  cab l ing .   The   i n t e r t i e s  
t r a n s f e r s   t h e  power  f rom  the  solar   array  to   the  main  feeders .   The  on-board 
da ta   p rocess ing   sys t em  pe r fo rms   t he   r equ i r ed   swi t ch ing  of the   submodules   to  
m a i n t a i n   t h e   b u s   r e g u l a t i o n  as r e q u i r e d   f o r   t h e  s a t e l l i t e  power  system.  The 
power  f rom  the  main  feeders  i s  t r a n s f e r r e d   t o  a s p l i t  summing b u s   v i a   s w i t c h -  
gea r .  T i e  b u s s e s   t h e n   c o n n e c t   t h e  summing b u s s e s   t o   t h e   s l i p r i n g s .  A s p l i t  
summing bus  and two sets of s l i p r i n g s   g i v e s   r e d u n d a n c y   o n   t h e   a n t e n n a   i n  case 
of a p a r t i a l  power f a i l u r e  o n   t h e   a r r a y .   I n d i v i d u a l   k l y s t r o n   d c   v o l t a g e   c o n v e r -  
s i o n  i s  pe r fo rmed   by   cen t r a l i zed   conve r t e r s   (one   fo r   each   b rush   a s sembly ) .  A 
b a t t e r y   a n d   b a t t e r y   c h a r g i n g   s y s t e m  is  f o r   p a r t i a l  power t o   k e e p   t h e   k l y s t r o n s  
warm a n d   r e q u i r e d   h o u s e k e e p i n g   t a s k s   d u r i n g   t h e   e c l i p s e   p e r i o d s .  

B.l CURRENT DC/DC CONVERTER TECHNOLOGY PROJECTIONS 

Over 20 companies   involved  in   dc/dc  converter   and  switchgear   development  
were con tac t ed   fo r   t echno logy   r ega rd ing   cu r ren t   and   fu tu re   deve lopmen t   en -  
deavors   each may b e   i n v o l v e d   w i t h   f o r   e x t e n d i n g   t h e   p r e s e n t   d a y ' s  s ta te  of 
ar t  f o r   h i g h   d c   v o l t a g e   f o r   d c   t o   d c   c o n v e r t e r s   a n d   s w i t c h g e a r .   P r o b l e m s   a n d  
p o s s i b l e   s o l u t i o n s  were d i s c u s s e d   w i t h   e a c h  company con tac t ed .  

Data on   e igh t   sys t ems  a re  shown i n   F i g u r e  B-2 from a r e v i e w   o f   c u r r e n t  
technology i n  dc /dc   conve r t e r s .   These   sys t ems  are r e f e r e n c e d   t o   t h e  numbers 
on   the   g raph ,   and  are: 

s t a n d   a l o n e  mode 
1 37 w a t t ,  d c / d c   c o n v e r t e r ,   s t r i p p e d  down, u n a b l e   t o   o p e r a t e   i n  a 

@ 250 w a t t ,  d c / d c   c o n v e r t e r ,  20-80 v o l t   d c   i n p u t  

@ 1200 watt ,  d c l d c   c o n v e r t e r ,  28 v o l t   d c   i n p u t  

@ 1500 wat t ,  i n v e r t e r   o p e r a t i n g  a t  20 kHz 

@ 2400 watt, d c / d c   c o n v e r t e r ,  28 v o l t   d c   i n p u t  

@ 25 kW, e x t r a p o l a t i o n  of TRW u n i t   f r o m  
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TO  SYSTEM "A" 

CHARGER  CHARGEH 

SLIP RING  "A" 

TO SLIP  RING "8" 

SIA SOLAR  ARRAY 
G  SWITCH  GEAR 
SCB SOLID STATE  CRK  BRKR. 
R REGULATOR 
BT BATTERY TIE CONTACTOR 

KLYSTRON  REOUIREMENTS 

DEVICE ';TR VOLTAGE 

COLLECTOR 1 

8 KV 5 

16 KV 4 

11 2 14 KV 3 

11 2 31 KV I 
1 1  2 40 U V  

1 1  2 

KLYSTRON  BODY 

I 1  2 

MOO  ANODE 

40 uv 3 2  

CATtIOOC  HEATER 

20 K V  

20 v 0 1  

SOLtNOlO 20 Y 

COMPUTER 

0 5  

20 v 0 1  

RLIHOELECT m v  0 1  

TOTAL 59 8 

IEGULA. 
TlON 

1% 

1% 

1 o L  

10% 

10% 

10% 

Figure E - 1 .  PDS Simplified Block Diagram 



@ 200 kW, dc /ac /dc   power   cond i t ione r  €or d c   m o t o r   d r i v e ,  600-900 v o l t  

@ 1.44 GW, d c   h i g h   v o l t a g e   t r a n s m i s s i o n   l i n k ,  800 kV, 1800 amp. 

d c   i n p u t  

IO 

~ 

AUTONETICS 31 

AUTONETICS 250 

TOPAZ  ELECTRONlCS 1200 

AEG TELEFUNKIN 1500 
TRW 2400 

TRW 25.ow 

AIRESEARCH zw.000 

GE l.U GW 

~~ 

SPECIFIC 
WEIGHT 
IKGIKW) 

1.216 
1.268 

18.815 
I .4 

9.438 

1.268 

NIA 

NIA - 

COMMENT 

STRIPPEG OOWN 
LOW VOLTAGE  INPUT 

IINVEATER) 

EXTRAPOLATED 

G R O  RAPID TRANSIT 

G R O  OC LINK 

0 ’  ~. ~ I 1 I ~~ 

1 KW 10 100 KW 
POWER LEVEL “KW 

F i g u r e  B - 2 .  C u r r e n t  de Converter Technology S t a t u s  

The dc/dc  converter   complement  i s  based on todays s ta te  o f  t h e  a r t  (SOA) 
technology.  The  complement i s r e f e r e n c e d t o   t h e  TRW d c / d c   c o n v e r t e r   o p e r a t i n g  
a t  25 kHz, u t i l i z i n g   h e a t   p i p e   c o o l i n g .  The w e i g h t   a l l o c a t i o n  of t he   sys t em 
components are : 

Magnet ics  
Transformers  25% 
I n d u c t o r s  10% 

Semiconductors 6 Mtg. 20% 

Cooling  System 30% 

Mechanical 15% 

To t a l  100% 

A pro jec t ion   o f   t echno logy   ga in   such  as (1) i n c r e a s e   i n   o p e r a t i n g   f r e q u -  
ency,  (2)  i n c r e a s e   i n   e f f i c i e n c y ,  (3) r e d u c t i o n   i n   c o o l i n g   s y s t e m   r e q u i r e m e n t s ,  
e t c . ,  i s  made i n   F i g u r e  B-3 and t h e   e q u i v a l e n t   s i z e   a n d   w e i g h t   r e d u c t i o n   c a l -  
c u l a t e d .  The we igh t s   a r e   t hen   no rma l i zed   and  a second,   independent   technology 
g a i n  is  pro jec ted .   Mul t ip le   improvements  may b e   p r o j e c t e d   i n   t h i s  manner. 
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250 KW MODULES (BASIS FOR ANALYSIS) 
1978 PROJECT Q.% KGlKW  (FROM  TODAY’S S.O. A.) 

200-400 VDC  SEMI CONDUCTORS  AVAILABLE 
25 KHz  SWITCHING CONVERTERS 
HEAT PIPE  COOLING 
rl - 95u 

I983 M KHz 3 .PI4 KGlKW  BY TRANSFORMER FREQUENCY CHANGE 
RECONFIGURE TO USE  HALF AS  MANY TRANSFORMERS 3 .8ZM KGlKW 

REDUCTION OF COOLING  SYSTEM O.A. W I C I F N C Y  95.5% ,7832 KGlKW 
INDUCTOR  REDUCTION FOR FREQUENCY CHANGE - .8074 KGlKW 

SEMI CONDUCTOR HIGHER VOLTAGE RATINGS,  IMPROVED POWER GAIN 

100 KHz - .7W9 KGlKW 
& COMPLEMENTARY HIGH  EFFICIENCY  DRIVE  TECHNIQUES * .7575  KWKW 

1988 IMPROVED POWER SEMICONDUCTORS  (TRANSISTORS,  SCR’S,  POUER FETS) 
INCREASED TRANSFORMER & INDUCTOR  PERFORMANCE 

(NEW CORE MAT’LS, NEW CONDUCTOR & INSULATION TECHNIQUES) 

Wp - 0.5 KGlKW 
VOA 97% 

NOTE: XFMRS c 23.7% OF DC CONVERTER WEIGHT 

F i g u r e  E-3. Basis f o r  Technology  Projections 
dc/dc  Converters 

F i g u r e  B-4 shows t h e   c o m p o s i t e   s p e c i f i c   w e i g h t   p r o j e c t i o n s   t h a t  were made 
t o   e s t a b l i s h   t h e   d c  power c o n v e r t e r  masses. The   curve   shows  spec i f ic   weight  
as a f u n c t i o n   o f   d c   c o n v e r t e r   r a t i n g .  The b a s e  case ( p o i n t  1) was provided 
by  Wesringhouse.   This   data  is c o r r e c t e d   f o r  100 kHz frequency  and a s c a l i n g  
r e l a t i o n s h i p   u s e d   t o   e s t a b l i s h   t h e   s o l i d   c u r v e  
e s t a b l i s h e d   b y   t a k i n g   e x i s t i n g   d c   c o n v e r t e r   w e i g  ts a n d   b y   a n a l y s i s   p r o j e c t -  
i n g   t o  250 kW s i z e  a t  0.96 kg/kW. T h i s   p r o j e c t i o n  was e x t r a p o l a t e d   t o   t h e  
100 kHz b a s e  case. The  present  Rockwell  mass s t a t e m e n t  is based  on 0.197 kg/ 
kW u t i l i z i n g   t h e  dc-dc  converter   weight   model  shown i n   t h e   u p p e r   r i g h t   c o r n e r .  

Y”5* The dashed  curve w a s  

F i g u r e  B-5 shows t h e   d c   c o n v e r t e r   r e q u i r e m e n t s  and weight  impact  compar- 
i s o n s   f o r   s p e c i f i c   w e i g h t s   e s t i m a t e d  as 1988 we igh t s  ( i .e . ,  compared t o   u s i n g  
t h e   e x t r a p o l a t e d  0.197 kg/kW SPS w e i g h t   g o a l s ) .  The weight   impacts   on  each 
e lement   o f   the   power   d i s t r ibu t ion   subsys tem i s  t a b u l a t e d   f o r   d i r e c t   c o m p a r i s o n  
t o   t h e   p o i n t   d e s i g n   a n d   t o  show v a r i o u s   c o n f i g u r a t i o n   o p t i o n s   i n c l u d i n g  elim- 
i n a t i o n  o f   dc -dc   conve r s ion   r equ i r emen t s   by   ded ica t ed   so l a r  arraz v o l t a g e s .  
The t o t a l   w e i g h t   i m p a c t   v a r i e s   b e t w e e n  O.422x1O6 kg  and 3.576x10 kg  pena l ty  
when u s i n g   t h e   h i g h e r   c o n v e r t e r   s p e c i f i c   w e i g h t s .  

B.2 TECHNOLOGY ADVANCEMENT GOALS 

T e c h n o l o g y   g o a l s   h a v e   b e e n   i d e n t i f i e d   f o r   t h e   e a r l y   e x p e r i m e n t a l   r e s e a r c h  
per iod   of  1979-1981 and  ground  and  space  demonstrat ions  of  1981-1988. 

The two m a j o r   g o a l s   d e f i n e d   f o r   t h e  power d i s t r i b u t i o n   s u b s y s t e m   t e c h n o l -  
ogy  advancement €or t h e   e a r l y  time p e r i o d  (1979-1981) are l i s t e d   i n   F i g u r e  B-6. 
The f i r s t   o f   t h e s e  two g o a l s   d e a l  with t h e   d c   c o n v e r t e r s   t e c h n o l o g y   i n v e s t i g a -  
t i ons   o f   app roaches   fo r   dc   conve r t e r s   wh ich  w i l l  a l l o w   a n   e x t e n s i o n   o f   c u r r e n t  
w e i g h t   p r o j e c t i o n s   f r o m  0 .5  kg/kW t o  0.197 kg/kW. The  second  goal i s  t o   v a l i -  
d a t e  a s w i t c h g e a r   c o n c e p t   i n  terms o f   s p a c e   a p p l i c a t i o n   t o   a c h i e v e   w e i g h t ,  
e f f i c i e n c y   a n d  s i z e  as r e q u i r e d   f o r   t h e  SPS. 
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?M4M (DIV  OF  TOPAC ELECT) 

4 2400  WATTS 28 VOLTS TRW 

1100-1 200 WATTS 28 VOLTS POWER D,C-DC  CONVERTER 
WEIGHT  MODEL 

\ I ITEM  FRACTION 
\ 
\ 
\ 

M A G N E T I C S  (XFRS) 
INDUCTORS 
SEMI CONDUCTORS 
C O O L I N G  SYST 
SEC  STRUCT  ETC . I 6 3  

TOTAL 1 .ooo 

\ 
\ 

.% K G /  432 M W  
2% Kw 
(EXTRAPOLATED) lo00 VOLTS 

1 ;  K H z )  (1) REFERENCE - WESTINGHOUSE 
NOTES: 

REPORT LY2W86 DEC 1 9 7 7  
(3 ZND Q U A R T E R   w E ~ G H T  ALLOWANCE 

KLYSTRONS 

SOLID STATE 
(3) 2ND  QUARTER  WEIGHT  ALLOWANCE 

I I  I I l l 1  I I I I 
10 1 0 0  1 IO l o o  1 IO 100 1 10 100 1 IO 100 

WAl lS   K ILOWATTS  MEGAWATTS  GIGAWATTS 

Figure B - 4 .  Dc-dc Converter S p e c i f i c  Weight   Project ions 

WEIGHT  IMPACT  COMPARISONS ( lo6 K I  

ITEM -~ 
MA1 N 
CONDUCTORS 

CONFIGURATIO 

40 KV, 

BRUSHES I -017 I .017 I .017 .o&( 
SUBTOTAL 3.929 7.081  5.897  5.176 

) REQMTS 

KLYSTRON  VOLTAGE POWER Q U A N T  ** 
ALL I 

DIRECT 40 K V   7 4 M W  32 .I97 1  .5 
32 
24 

50.47 M W  

3.345 16 
8 

LV .2 Kw 
1.62 KW 135.864 1 2.1 

8,547 1 3.4 

REGULATORS 
+1% 3.5 KW 135,864 .1 .5 

.215 ‘REFERENCE WEIGHTS - ZND  QUARTERLY 
**EST. 1 9 8 8  WEIGHTS 

4.351 

NOTE: REF WT REDUCES T O  3.505 (40 KV DIRECT) 

Figure B-5. Technology  Weight Impacts (dc-dc Converter) 
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0 INVESTIGATE  NON-MAGNETIC  (UNIQUE  COUPLING) 
APPROACH FOR DC CONVERTERS 

I ELIMINATE TRANSFORMERS AND  FROM  EXPERIMENTAL RESULTS 1 EXTEND WEIGHT  PROJECTION  FROM 0.5 KGlKW TO 0.197 K U K W  1 
0 DEMONSTRATE VALIDITY OF CROSSFIELD  DISCHARGE 

TUBE SWITCH GEAR  CONCEPT 

VERIFY  WEIGHT LOO682 KGIKW),  EFFICIENCY (99.9%) AND SIZE 
(6 M W  TO 312 M W I  

F i g u r e  E-6.  Techno logy   Advancemen t  Goals - 1979 to 1981 
( P o w e r   D i s t r i b u t i o n   S u b s y s t e m )  

Ground  development  program  goals  for 1981 to 1988 to advance  the  power 
distribution  subsystem technology for  dc converters  are summarized in 
Figure B-7. 

OC CONVERTERS 

0 OEMONSTRATE HIGH  VOLTAGE IIw0-32WO VOLTS1 
A N 0  FRE(IUENCY ( 8 0  KHz-100 KHZI TECHNOLOGY 

10-250 KW 
1 0 . 5  KGIKW 

I 0 REDUCEMAGNETICS 
0 INCREASE  FRECIUENCY 20 KHz TO 1 0 0  KHZ I 

I 0 INCREASE EFFICIENCY I T 0  57%1 
0 REDUCE  COOLING  REOMT 
0 DEVELOP NEW MAGNETIC MAT'LS I 

( O R  ELIMINATE) I 
0 'JEIERMINESCALING  RELATlONSHlPS 

WEIGHT:  FRECIUENCY. VOLTAGE.AN0 POWER LEVEL 

I '  0 INDUCTORS 
0 TRANSFORMERS 

0 SEMICONOUCTORS I 0 SECONDARY  STRUCTURE 
0 COOLING 

0 MVELOPEARLY  VEfllFlCATlON HARDWARE 
CEO SAT-lOOKWBCI.OKG/KW 

0 DESIGN SPS HARDWARE 
FEASIBILITY 6 PRELIMINARY DESIGN 

0 8000-32000 VOLTS 
0 100-200 KHz 
0 50.157 KG/KW 

F i p r e  E-7. Techno logy   Advancemen t  Goals - 1981 t o  1988 
(Power  Distribution S u b s y s t e m )  
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There  are  four  major  goals  identified: 

1. Demonstrate  high  voltage (8000 - 32000 Volts)  and  frequency 
(80 kHz - 100 kHz). This  goal  involves  technology  advancements 
to. achieve 2 0.5 kg/kW  at  sizes  of 10 - 250 kW. 

2 .  Determine  scaling  relationships:  weight,  frequency,  voltage,  and 
power  level. The major  dc  converter  weight  items  are  identified 
as  transformers,  inductors,  semiconductors,  cooling  and  secondary 
structure.  The SPS requirements  are  in  the 50 megawatt  size  range 
and  scaling  relationships  must  be  established  from  experimental 
data  €or SPS dc  converter  design. 

3 .  Develop  early  verification  hardware  GEOSAT - 100 kW @ 5 1.0 kg/kW. 

4 .  Design SPS hardware  feasibility  and  preliminary  design. 

Figure B-8 lists  technology  advancements  required  for  the  power  distribu- 
tion  subsystem. DC  switchgear  electromechanical  devices  physically  interrupts 
the  current  by  separating  metallic  contacts. Dc  voltages  over 50 volts 
establish  arcs  between  the  metal  contacts.  The  higher  the  voltage  the  greater 
the arc  problem.  Verifications  of  methods  to  supress  the  arc  is  required. 
Solid  state  devices  avoid  arcing  and  introduce  added  losses - higher  series 
voltage  drops  and  do  not  supply  galvanic  isolation  in  off  state.  Solid  state 
device.s  require seat heat  rejections.  Conductor  materials  will  be  reviewed. 
Goal to be  weight  reduction.  Means of terminating  and  connectors  to be 
studied.  Sliprings/brush  technology  for new  materials  for  better  conduction 
and less  heat  losses. A new  commutation  technique to  be  investigated. 

SWITCH GEAR 

0 MAINTAIN SWITCHGEAR  EFFICIENCY 299.9% 
0 IMPROVE WEIGHT GOAL -> 0.W82 KG/KW 
0 DEVELOP CROSS  FIELD  TUBE FOR SPACE  APPLICATION 

0 VERIFY  CYCLING  LIFE FOR CROSS FIELD TUBE 
0 REDUCE SPUTKRING OF EECTROOES 
0 DEVELOP LIGHTER  WEIGHT NON-LINEAR  RESISTORS 
0 INVESTIGATE  SCR  AND POWER TRANSISTORS FOR PWER  SWITCHING 

IBETTER HERMETIC  SEALS, LOWER MAINTENANCE REQUIREMENTS, ETC.1 

CONDUCTORS- 

0 INVESTIGATE USE OF FIBER  OPTICS - CONTROL CIRCUITS 

DEVELOP FLAT CONDUCTOR CONFIGURATION 
0 EXPLORE  SUPERCONDUCTORS 

INVESTIGATE  RIBBON TYPE CONNECTORS 
0 VERIFY CURRENT CARRYING  CAPABILITIES OF FLAT  CONDUCTOR 
0 CONFIGURATION 

SLIP RINGSIBRUSHES 

INMSTICATE NEW MATERIALS 
0 DEVELOP IMPROVED  BRUSH  CONDUCTION TO RINGS 
0 INVESTIGATE NEW ROTARY JOINT CONCEPTS, E.G.. TWO DISKS  WITH 

MERCURY  COUPLING 

Figure E - 8 .  T e c h n o l o g y  Advancement  Requirements - 1981 to 1988 
(Power  Distribution  Subsystem) 
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B . 3  DC/DC  CONVERTER  DEVELOPMENT  PROGRAM 

Figure B-9 shows  a  proposed  task  statement  and  schedule  for  the  early 
experimental  research  development  of  the  dc  converters.  The  first  year  deals 
with  tasks 1 through 4 and  involve  investigation of magnetic  materials,  new 
semiconductors  for  higher  frequency,  new  coupling  techniques  and  cooling 
techniques.  From  these  investigations  it is  expected  that  basic  design 
approaches  will  be  developed to  meet  the SPS dc  converter  weight  goals of 
0.197 kg/kW.  The  second  year of effort  is  devoted  to  brassboard  development 
and  evaluation.  From  this  comes  the SPS dc  converter  design  approach. 

TASK 

1.0 INVESTIGATION  AND OEVELOPMENT OF MAGNETIC  MATERIALS 

1.1 LIGHTWEIGHT  HIGH PERFORMANCE FERRITES 
1.2 COMPOSITE HYBRID  MATERIALS 

1.3 DOPING  OF CDNDUCTORSWITH ORIENTED MAGNETIC  MATERIALS 

2.0 INVESTIGATION  AND DEVELOPMENT OF NEWSEMICONOUCTORS AN0 APPLICABLE OEVICES 
FOR HIGHER FREOUENCY AN0 EFFICIENCY PERFORMANCE 
2.1 OEVELOPMENT O F  NEW  POWER SEMICONOUCTORS ITRANSISTORS.SCR'SAN0 GTO 

SCR'S. V  MOSFETS) 
2.2 OPERATION AT HIGH  FREIlUENClES  NOT  REOUIRING MAGNETICS, AN0 

CONSEOUENTIAL TRAOEOFFS 

3.0 INVESTIGATE NEW  COUPLING  TECHNIOUES. AN0  MULTIPLE FUNCTION COMPONENT 
TECHNOLOGY 
3.1 LAMINATES  FOR CONOUCTOR/INSULATOR/CONOUCTOR 
3.2 METALSAND  METAL OXIDES FOR INTEGRAL CONOUCTOR/INSULATOR  COMPONENTS 

3.3 INTEGRAL DESIGN  OF  INTERCONNECT AND CONOUCTOR  SYSTEM  AS OUAL R O L E  
COMPONENT FOR ELECTRICAL PERFORMANCE AN0 COOLING 

4.0 INVESTIGATE COOLING  TECHNIOUES F O R  POWER HANOLING COMPONENTS 

4.1 SEMICONOUCTOR  COOLING USING INTEGRAL  COOLANT  WITHIN CASE OUTLINE 
4.2 HEAT PIPE  TECHNOLOGY ADVANCES 

4.3 RAOIATOR OESIGN  AOVANCES 
.. .~ 

5.0 ASSESS TECHNOLOGY AVAlLA.ELE AN0 OEFINE OBJECTIVES FOR BRASSBOARO MOOEL 
IPREOICTED PERFORMANCE) 

j.0 BRASSBOARO  DEVELOPMENT AND CONSTRUCTION 110 KW UNIT) 
6.1 OESIGN 
6.2 PROCUREMENT  OF  PARTS.  CONSTRUCTION  OF  COMPONENTS 

6.3 ASSEMBLY 

1.0 EVALUATION OF BRASSBOARO 
7.1 PRELIMINARY TESTING 

72 DESIGN  IMPROVEMENTS 
7.3 FINAL TESTING 

1.0 FINAL REPORT 
8.1 BRASSBOARO FINAL RESULTS 

8.2  CONCLUSIONS ON BREAOBOARO FINAL RESULTS 

1 
L 

" 

I 

m 
PERIOD 

IST YEAR 2ND  YEAR 

- 
I - i 
1 

Figure E - 9 .  Dc/dc Converter Development  Program 
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A detailed  milestone/schedule  for  the  early  experimental  research  period 
is  shown  in  Figure B-10. The  major  milestones  are  indicated  with  the  associated 
task  identified.  The  following  major  milestones  are  shown: 

3rd  Quarter - Alternate  Coupling  Techniques  (Task 3) 
Semiconductor  Candidates  (Task 2 )  

4th  Quarter - Parametric  Trade  Offs  (Task 2)  
Brassboard  Design  Requirements  (Task 5) 

7th  Quarter - Brassboard  Test  Data  (Task 7 )  

8th  Quarter - Projected  Weights,  Efficiencies  (Task 7 )  
Recommendations  for SPS Design  (Task 8) 

I I 1379 I980 1981 

J A S O N O J F M A Y J J A S O N O J F M A M J  

I @ SEMICOHOUCTOR I ,: MAT'L EVALUATIOHS, 1 ' I  
CANOIOATES 5 BRASSBOARO OESIGN 

REOUIREMENTS 
@ WEIGHT RELATIONSHIPS 

I@ PROJECTED ~~~ WEIGHTS. 1 
@ BRASSBOARO 

I EFFICIENCY I 
OESICN n PROTOTYPE  OESIGN 

I I ] - KEY MILESTONES I 

- 
REOUIREHENTS 

@ RECOMMENOATIONS F O R  
SPS OESIGN 

Figure B - 1 0 .  Dc Converter Milestones 

B.4  SWITCHGEAR  TECHNOLOGY  DEVELOPMENT 

An  industry  survey  was  performed  to  obtain  information  pertaining  to  high 
dc  voltage  switchgear.  Figure  B-11  outlines  the  options  to  date.  Arc  suppres- 
sion  across  the  metallic  switch  contacts  of  switchgear  for  dc  voltages  above 
50 volts  is  the  principal  problem.  Various  methods  have  been  studied  and 
experimented  with.  Solid  state  devices,  i.e.,  power  transistors  and  SCR's 
used  in  various  combinations  are  being  investigated.  These  devices  have  no 
arcing  problems. A development  program  to  extend  the  state-of-art  to  high dc 
voltages (40 kV  range)  does  not  seem  to  encouraging.  Electromechanical  switches 
of  various  design  concepts  seem  the  most  plausible  approach. The cross  field 
discharge  tube  application  appears to  be a  viable  approach  to  meet  or  better 
the  design  goals  for  weight  and  efficiency. 

B-9 



TWO OPTIONS 

*FORCED COMMUTATION - SOLID STATE OR MECHANICAL BREAKERS 
*CROSS  FIELD INTERRUPTORS - MECHANICAL BREAKERS 

FORCED COMMUTATION 

PRECHARGED CAPACITOR  BANK  AND LC CIRCUIT  WITH  THYRISTOR 

CURRENT  TO  BE INTERRUPTED) 
STRINGS OR IGNITIONS  (PROVIDES CURRENT  PULSE I N  EXCESS OF 

CROSS  FIELD  (PENNING)  DISCHARGE TUBE 

MAGNETIC FIELD TUBE AND  NON-LINEAR  RESISTOR COMPONENTS 
(ARC VOCTAGE DRIVES TUBE TO CREATE IONIZATION  (PLASMA1 
PATH FOR  CURRENT  FLOW WITH ENERGY  STORAGE DEVICE) 

0.00682 KGlKW  AND  EFFICIENCY OF 99.9% 

WEIGHT  GOAL APPEARS ACHIEMABLE 
HUGHES lMALlBU RESEARCH LAB)  CONCURS BASED ON 

WESTINGHOUSE PROJECTS  ORDER OF MAGNITUDE  BEllER 
GROUND EQUIPMENT 

F i g u r e  B - 2 1 .  S w i t c h g e a r   C o n c e p t s  

F i g u r e  B-12 shows  where  the  Hughes  crossed  f ie ld   technique  has   been 
a p p l i e d   i n   h i g h   d c   v o l t a g e   a p p l i c a t i o n s .  A t  t h e  Culham L a b o r a t o r y   t h e   c r o s s e d -  
f i e l d   i n t e r r u p t e r  is t o   g i v e   f a s t   h i g h   v o l t a g e   p r o t e c t i o n   o f   a n   i n j e c t o r   s y s t e m .  
The i n t e r r u p t e r  w a s  s t r e s s e d   t o  150 kV dc  on a low l e v e l   i n t e r r u p t i o n  t es t  and 
i n s t a l l e d   f o r   t e s t i n g  120 kV/2-4 mW d c   s u p p l y   c o n n e c t i o n   t o   t h e   i n j e c t o r  test 
l i n e .   B o t h   t a s k s  were s u c c e s s f u l .   E l e c t r i c  P o w e r   R e s e a r c h   I n s t i t u t e   s u c c e s s -  
f u l l y   t e s t e d   t h e   c r o s s e d - f i e l d   i n t e r r u p t o r  a t  the   Sy lmar   Subs ta t ion  as a c i r -  
c u i t   b r e a k e r   o n   t h e   p a c i f i c  HV d c   i n t e r t i e .  The c r o s s e d - f i e l d   i n t e r r u p t o r  i s  
i n s t a l l e d  on a h i g h   v o l t a g e  ac f o r   c u r r e n t   l i m i t i n g   t o  test i t s  c a p a b i l i t i e s  
f o r   i n t e r r u p t i o n  ac power.   The  crossed-f ie ld   tube is b e i n g   i n s t a l l e d  a t  
N o r t h e r n   T e r m i n a l   P a c i f i c   I n t e r t i e  as a t r a n s f e r   b r e a k e r   i n  a metal r e t u r n  
i n t e r r u p t e r .  
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A.C. CURRENT LIMITING  IN 9.78 
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Figure B-13 outlines  a  study-design  program  to  investigate  and  make  an 
analysis  of  the  criteria  required  to  design  a high  dc  voltage switchgear  for 
use  in  space  and  to  meet or better  the  weight goal  of 0.00682 kg/kW and an 
efficiency  of 99.9%. Several  candidate  switchgear  mechanism  will  be  reviewed 
and  analyzed  in  light of the  following  criteria  at  various  current  ratings: 
weight,  basic  electric  characteristics,  dielectric  withstand,  efficiency, 
reliability  review,  control  requirements  and  service  life. A verification 
of the  preliminary  design  will  be  done  by  using  available  Hughes  test  hard- 
ware:  cross-field  interruptor (XFT),  and mechanical  transfer  switches  operat- 
ing  in tandem. The  hardware  will  be  assembled  and  instrumented  to  evaluate 
steady  state  conduction  of  composite  interruptor  in  "closed  state";  transfer 
test  followed  by  dc  interruption;  steady  state  dielectric  tests,  transient 
recovery  tests,  and  limited  fault  current  tests.  After  compilation  off an 
analysis  of  test  results  it  should  be  able  to  evaluate  the  various  trade-offs 
available  in  system  performance  cost  and  reliability.  This  will  provide  a 
firm  basis for design of the  "brassboard"  switchgear.  Embodyment of the 
above  analytical  and  development  test  efforts  it  is  planned  to  design,  fab- 
ricate  test  and  demonstrate  a  high  dc  voltage  switchgear. The "brassboard" 
will  be  at  "black  box  level'',  i.e.,  two  terminal level and will  be  tested  for 
compliance to weight,  size,  conformance,  auxiliary  power  subsystem,  and 
mechanical  integrity.  These  results  would be demonstrated  and  a  comprehensive 
test  report  would  be  prepared  and  submitted. 
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